US009788763B1

12 United States Patent

Demas et al.

US 9,788,763 B1
Oct. 17, 2017

(10) Patent No.:
45) Date of Patent:

(54) METHODS FOR MAGNETIC PARTICLE
CAPTURE AND SEPARATION

FOREIGN PATENT DOCUMENTS

(71) Applicant: Verily Life Sciences LLC, Mountain gg ggg?gggg; ii 1?%83
View, CA (US)
72) Inventors: Vasiliki Demas, San Jose, CA (US);
2 Vikram Singh Bajaj, MOUIltaiI(l Vl?aw,, OTHER PUBLICATIONS
CA (US) Colombo, M., Carregal-Romero, S., Casula, M. F., Gutierrez, L.,
(73) Assignee: Verily Life Sciences LL.C, Mountain Morales, M. P., Bohm, I. B., . . . Parak, W. J. (Apr. 5, 2012).
View, CA (US) Biological Applications of Magnetic Nanoparticles. <http://pubs.
(*) Notice: Subject to any disclaimer, the term of this rsc.org/en/content/articlepdt/2012/CS/C2CS15337H> Chem. Soc.
patent 1s extended or adjusted under 35 Rev.,2012,41,4306-4334.%
U.S.C. 154(b) by 210 days.
(21) Appl. No.: 14/327,123 Primary Examiner — Eric Winakur
(22) Filed: Jul. 9, 2014 Assistant Examiner — Chu Chuan (JJ) Liu
(51) Imt. Cl. (74) Attorney, Agent, or Firm — McDonnell Boehnen
A6IB 5/00 (2006.01) Hulbert & Berghoff LLP
A6IB 5/145 (2006.01)
A6IB 5/05 (2006.01)
(52) U.S. CL (57) ABSTRACT
CPC ........... A6IB 5/145 (2013.01); A61B 5/0515
(2013.01); A61B 5/681 (2013.01); A61B 5/742 Methods of exerting magnetic forces to separate magnetic
(2013.01); A61B 5/746 (2013.01) particles disposed 1 a portion of subsurface vasculature
(58) Field of Classification Search using a wearable device are provided. The magnetic forces
CPC ... A61B 5/14532; A61B 5/14546; A61B  can act to attract, slow, speed, or otherwise influence the
5/1486; A61B 5/14539; A61B 5/0031: magnetic particles 1n  various applications. In some
A61B 5/0205; A61B 5/0265; A61B 5/04: examples, different magnetic forces are exerted on respec-
A61B 5/04005; A61B 5/04007; A61B tive sets of magnetic particles to separate the respective sets
5/04008; A61B 5/0436; A61B 35/05; A61B of magnetic particles. In some examples, similar magnetic
5/0515; A61B 5/0522; A61B 5/062; A61B forces are exerted on sets of magnetic particles, and sepa-
5/145; A61B 5/681; A61B 5/742; A61B ration of the sets of magnetic particles 1s related to properties
5/746 of the sets of magnetic particles and/or of the environment
See application file for complete search history. of the sets of magnetic particles. In some embodiments, the
_ magnetic particles are configured to bind to an analyte of
(56) References Cited

interest. The separation of the magnetic particles can enable
detection of one or more properties of the analyte, modifi-

U.S. PATENT DOCUMENTS
cation of the analyte, and/or extraction of the analyte bound

8,368.396 B2  2/2013 Ueda to the magnetic particles.
8,409415 B2 4/2013 Liu
8,929,428 B2 9/2013 Creighton
(Continued) 16 Claims, 8 Drawing Sheets

1102
N o N A S e

1123
(3 148 -

1453

1158 1353

SRS

L I
o
l._.i"
. )

T
]—/ 1203




US 9,788,763 Bl

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
8,569,044 B2 10/2013 Hoon
8,624,592 B2 1/2014 Lee
2004/0073100 Al* 4/2004 Ballerstadt ......... A61B 5/14532
600/316
2006/0165805 Al* 7/2006 Stemhoil ........... A61K 48/0075
424/489
2009/0024019 Al1* 1/2009 Stemn ................ GOIN 33/54326
600/409
2009/0152176 Al1*  6/2009 Kipp ..coccocvvivvrivinnnnn B0O3C 1/288
209/562
2010/0243574 Al* 9/2010 Markov .................... B0O3C 1/01
210/695
2011/0221427 Al1* 9/2011 Ovsyanko ........... GO1N 27/745
324/228
2012/0135494 Al1* 5/2012 Murthy ................. B03C 1/0332
435/173.9
2012/0289764 Al  11/2012 Murakam
2013/0144134 Al1* 6/2013 Lee .ccooovvivnvivnninnnn, GOIN 24/08
600/309
2013/0316355 A1 11/2013 Dryga et al.
2014/0021105 Al1* 1/2014 Lee ......co.......... GOIN 27/44756
209/214
2014/0378794 Al* 12/2014 Conrad .................. A61B 5/681
600/317
2015/0213931 Al* 7/2015 Kimm .....coooeevinnnnnnne, HOIF 1/0054
335/296

* cited by examiner



U.S. Patent Oct. 17, 2017 Sheet 1 of 8 US 9,788,763 B1

110a

A A A AN AN AN AN A NN

1122
1303 1408 -

e &J

115 1353

ool T YT T T e
1203
—————/

FG. 1A

SRR

110b
NGNS NN SN AN N NN AN A A S AN NN

145b

1300 4354

R R A A A R R R RN NS NS
120b
I

Ci,r[ZZZZZZZZZZZZZZZZZZZZZZZ] [ZZZZIIZZIIIIZZZZIIIZ;;EZ]
. G, 10 125



US 9,788,763 B1

Sheet 2 of 8

Oct. 17,2017

U.S. Patent

2000

2000

PR B B I N T LA
Al KdF | am A | rAaMdn e WM
L e T I A
TR EF T TR TR Y ST e T T
s a ot R I T . I R RN ST
[ I I N I I e I I DL R Y B U R D L B I
- e R e . I Vo= .
. maroa . nrrr s omom o= T T T T T I T DR SR

FdFay s rewrr: Jaran , gamma  rmFrws,  Frren- , o sxrr;: i NE

L B B L T o L R O L T B UL L B L )
L N N v+ T 1 FFET TR I O HE N R | LI I 4o

- L O SgAEEd s, gEams s, FEAR. ,, pgaARy @ aARa C—_—
P T T B R e B i I B S B e =14

T= .11 LRk EE R Ter - L I I T I B I I L R R I R

. LT e e
I L e T B o e I N e I S R R . TR BT R RN L
rd ET LI I | LI I K BT 1 FFT 1 +rr LI 2 O LI B 1 F kT LI I |
adma | Laarr  pdors Araa, | pgdwea  pgarr |  apadee , adla, | o pxgam,  grpwrr

mAMmMEITT, " Ja Fwrr | " EEs;c-m , rAaFwaA, TEFRS  BsWrF, "EL;TrFC, o Anan

R o T S T e e L L T I SR L e B I iy B N B B T e

T R e sk - - r - L T R T R T A F-t -

o E N LR R

TA= | " nrETaa LU LN TN B .

- 4 a a a
L e B e e I I L A T T B o T I AL T T - A T T L I B e e R L |
FEL LI TR | rFP I I .aFxlr re¥t+ s g reF° L2 b’ LI I N N

a comd £

FTra aRAFTE= |  nRAF~

- L L R i A e A LR LI I
R I I N R L R R . e T A I PRSI R P
Lo =k d g ) - B B LS .ok NS Lerd S LB d s e B d s Y. e d RS s =ad -k 4 = = -

-

L L e i S B i R S e [l S I i B
B A T I ELANL A T B BTN T B DELELA T B B oo T B LA I B BC LA B I B B e
.k Ek TN -+ a4n a3 rmET~ 3 pPFF .4+ F 0 k3T ppEFa R

R I L e A L O R

O kL T
T R R O L I T i

¢ B FT 1 a0 Fy7 s dd* " 1 Frews I rFE Rl . A E R . R D R B RS [N B

. . . [ " e - . . . -
sr T E s amwn smRAnL E I A e

= T e T e A o T T R A B T L I B A B
LR B BN O L B B LA B I L LI I L N L B I BT B O L T B R L
- r oy - rT P - FE1 4 L aERT 1= - d T -d 247 s rmEra ] rer

LI B R AT E T O T T I LS I R A
B

noa srTmoa rr Ao [ sar e B AL ~Tna- armer

FErRsF1 i FrmEFI owrorFoa- - Frrr - P rr e .rmEE . rorFoa wrrom - s rmr - .
T O T O R S A I B e |
LR LRI et .o AT A arTTe T s rE ST =T -0 AT r
L R B arr bk aFF1 4 g aETSs W -4 Tk -l Tk S RT
P R e L L L L L L . L T LA

-r a4 Er cmdrr Tt e A Vs w e A A mmrT - rrA- AT

L R R I i S S

LI B A

e rr: =rwrrai owrra - P FF P . FrTEFI .F T s Frron - s rFrr = .rTausr

L I R R R T L B R A O B - I i B I N T I A R
dd ' apd FT" 1S " LI I L FAaft o g d S apd T A pdd T a0 LN ]
PO I I I T A B 2 TG T S N A I YT S T NN N T TR T SO N T [ DO R S R |
L L A T I I N B B L S T e I T L TR A L N A

= T e a e T T ke e kg UTr kT T Lk T T mdada T Crm WA’ ek T mdd T T =y

e AT r e sadaa  gEper - - 3 pfdur, P L T o I T T T T T A I T
T T 3 T T kXS T TefFS T W gErFT 4 KT U T I A - T S R . B L
L B L B R L B R L e A e L I I R L I A I N
L LR R e P L B i i A T I L e . HL L L
L T e B T A R . S v % A
AT T AL d T T d e LA LTaa e L s eae " Tasar T tarmal’ hawenr’

L i - R - T R PR AL I
FrFTT Y raFmT sparr P EFOFOC 13 ke [ B I N
La bR P ad L L adar . m oy aa e xrmoa LR i mgv. .aaxrrp e e IR

(3] FrE F I T T I T e i L T e N B I ST T I SR T T ST B R M N

- =
L I T A T T R A A T T T T T T MR R
" rd e T r i dws TrTrarmy s rwewr T A 1 a emoa rerma " awrn mxwrr: :rsawr
R R T T L R T e N L C R B R
re T [ I v e boro 14 FF rad s o kS 1 r k- T I
P s mam = C o mom s Pk rm - T Aame: Laarr N NN
O N L T O B e T L MR i D R [ S JNC P MRS Ry S R I L

4 - m o LRI I -rar - EE R I Ter - EEE I IR [NE I T D [ D A N ]

n [T O | crTErm = =4 Fwroc- P a e wor e Ew - rrrwn

L T T T I L T e L I AL R I B ]
L (I I R A BB K 11 FF 'L I L R S T B 4B

. P hwd = A dkr e kA e
s FE L. g R LT e d T I R R R

L R T O T T T T T O B L I I

d - r e dw = cader - AhEe ol

rrTRw o e,
1 ey pgadel et oL gty L yaaer, g dd by
IR F R a g | kY 4+ 1 F " -~Fgw¥XT " 1« P ERACF r I FE?

ddFrma P ApgETF . FASFTA . AFFFES | A FF S, PfPaTTER o

L A I R L L L
B N xd T a5 T 5T ! .
LT e O I T L T T R R SR | d

AT L rr A . . g Ay a o

a2 por o PR | [ [

LR B I N pomm o

R I )

2002

I NP SR R

T AT pad g ey
L A LT L B B B I L B
N T I T R e T T

e L e I L e L AL B e L L N L

L T e

A s o ETo- e or - -rrr- -rFraTr- - Aroa- s ror - PR -
e FAT L sk, gad = amd g d = e ek A= s f A
Frop 38" " wpbhd ' wp gt g gpFpFT gl d T g BT s e T T
Sk N L L D R Sb k4 -k kd -t L4
L T e I T L i T B L

ot E e S O L T o L T T T A o N Tl T Sy S} PR T S P

...................“.11.........‘............ . . .

L A e T e L aa i T B B L A T B S A
P i R B P T i ad T e BT s p AT s g B F T T e T wwdd T T AT ol
L L i T T e L T T T T L I Tk L L L P
R L e R L T T L e L 2 T T L L TR L o T A T i T Y
LRI B BN B B B I B R N I R T A R B I L N B B R A B A A I B N R I N R |
rFHE N, AR, L R e L R A R A . L L *FE R Ak b o b
LR - T R T I L I L B R ary rFes""=" %" 4 1F """ -r
1" = =@ B ' " - o B B4 " qagrr- ad FFF Y, o LS T, A
A ET L R ad FRO o kR A

a

T T o or - e R

. ...... ...1
P B R (N PEETE B BT I A

1-...Imdli.-_l.ll.-..-.IIL.ul...llr-".llmklr..-lﬁl .
T I naFr T Y
. P e mr = sk A o=wdow - Comdow s s a A o mRdw R -

Lol L PR L LT T L P R A e L

[ [ - - . D e - PR ot I

B N I BRI I s - e = P = . Y a=-r
LI I TR N

1 &~ 4 - 44 & - K+ Rd - =T AA

PR R T I L e A I

T L R A R N N R R A A I

. -k # - PR B T Vel h e PRI - L G
N R I I R T T N Lk R

. L . . RN I -

41 -+ - Fr-- =r+kFkr

' .. L N LA R AT I N BN .
ot rmFd T R P r R FT O Lk P TR
R I T I R B B B T B N LA I
ra .—...1-.-!. .LLH.-.-l.. ..-I.H.-_.‘.|1..1.1._1-—.1.L1..1+.-1.1
d b S T3 B R A TR B
- e d e L adlrs omdT1rT ok EFaonoad W+ - T B B I R i, B
L L TR A L T R L E I B N s L - L L o I B A A L L T I
e F L e L AaAd e T LT A =T R R N o - =i r i FF " . 4 rF - L €A
L N e L N L R L . . R I B R T T R I BE T AR N I SR
[ B [ AL BN N BRI LR I A N I R TR
I B I T R P PR BT I T e T S
LI I B R I O 3 TR I e d e s kR cad R L amd s
L A L B P L T T L L T R R ) e - a

PERTEC I BN rwm o r v am A= . mm o - s AT P C mwmTFE =" r - s =T oa v wm o ! T m o

LR B

(L I T T I L LR R I B

+ " "

rrErt, P r kT T caNTTL s rmTERC orTTCE

L T B R O TR A T I R
o (IR N N ] o8 Lo R
R . LR B B R A I}

B e . B e o Y B N
okl -l - " ko T L A ]
. . LdAd A F FRE ] P T I . B

I A I T T T T T S e L I N N L I T N T L T I R L T e S R
rmd ke WA= mwad ko [N sedl = + mwdd = « nwor o= EE I ] cowkoal L

L |

LY srrFr L 1A rE - Ao e moE o, s =T s AaAmMT _cFrFrTE o "arTE

B I T e S T Y B L

L N BT A B EECRTRF N TR N T FF: =rFFla - rAnc CC N B B TR I O 2 B S N
LI e R LI e O I R T B e T T I B B R T B . L B B e .

I L N T T T B A T B e omod st "t g

PR T S L T T B R e R

R B R T e I L -k - R B '
LA L T T T L e A 2 L T e A T
T R A e A T N N A T R R N T B I I B O 3 L T A e T BN e N

G Bl M EF L, kB Y - rw BN - aw Bk oc.a kPl o @Al . d B % L L P P W AT . oA
T R I e e I B A I TR e B e R B T T R B L IR B L S

LR I I T T T T B T I B I R I A I T I T R . NI I R R ]

L A R I R A R T TR T T S T S S S T B T
B T O O e L T e T T A n i SR L
O e T I e A I I O IR I B B R e I 2 L T I B I N I "

N R I B L B Bl I I D I LRI B B BCREE B R I |
T T - L T e L - L T I |

[ I T s momor - s rra 1 v mmarx - 1w oA = rann R R

s owoa N L I I

L AL R R ]

'
I . L B L L I
FE RSO A A4 F (BEREEE LR B I N N
e o Cd R oL, oA F . AP .
R e R L T O e e L R I B T g )

- s rr A A kTa o CRETEEE

[T Tror "

T

AL aA T, mRAT L, moET o0,

R L

218a

]
a

2162

2128 2143
T

FIG. 2B

FIG. 2A

. -.I.-..rl-.1-. -ll .
I I I L I B R B i R
R N R U O 3 LRI T N .-
R e L L S L R L L T o ]
e N N R T I O T B I I A
L T T L

P

LI BT L B A B
- e -

re oy =S - - Ear - R ErF " L P e L B B e

Tert o PTm sarAT = o
a g T L hov A T P AR gl AT, g T S e AT L, g e S AT A
sk EFF - . FEPFF - s kEdT -F P AT N Y I 3 B T B I N I B .-
. arkt a T b I I B T e e I L e -l

I T B R T e L A R T R N

LA TETA  arT TN

EONE IR I L SERR T I S CR I B EEE I B L T RN B

ror crr Ao T s arTA cAar T

- aTe'T R Lo am
LR BB

. - F A0 L F A Tt v AT Al
R T I e O T B R A B I I T R I R I I T
T I e e P L T e R L L
I T R - I T e A e T T TP M I S I R I S R R LTI
WA O R NI T PR L B N

P A N A B L B B W LA L i A B S A

FIG. 2D

FRPT S e T e T e AT T A A LT AT T e
-~k E" -, _ FFF1 . . FF="s , _ FgF =1, Py, LR, 44 oA
T I e e e L T R T LA . B I U B

PRI Loa - e e - PR a - .
rrer s i rnre S T g e rar e wrrra Saimar S Uhrar caaanr '

e or rmE L rEWo Ll FERL O L ERFPPFI 1 WELI  1mT LI O:orERE

L L e L i A A T e R T T a i NN R R |

LI I - R L DR CI A BB LRI B A LI 3 2 I A I L N T

L A R O e T e N L T I R T B C R B
P i B B I B N I i e T |

e Pmrr = carTre S aaw- car e car e arerr S v arrer -
rm T Pm e r g, 1 mwm s, UTosaa, fTEFATL 1 wror TN P
P T L T A AL L IR L N L I I

=k r k" LI R [ R A B B LRI B B A L3 I P I
vrp k- Ll P T N N B R
LI e L T R aa - ——
- =y ko S = r %> 4 r 0 L T
P, MR R o ETT O _sTTRe T ERR ow
Frd """ s L R A A LA
= [ AL L LEE I B

200c

.n..-...n...-.....u....n.n...-

FIC I S e om i I r o

L
et [, Rl | cpmdr

L e par s €0, A, aar
' - % [ LEE I L]

[T LTI

3 PR 4 a s 1 a

PR L L I R Sy T

. moa oS T T

LIS

roar i e omr - amm o - om P orom @ (Y
e gy = awFa , pakr , fAar- st ke,

LR T

R T T

NFT - a4 aa FEEFE LR N B A A I I |

FRETEE I 4 mar - A LA Fr " g aAEaAs " EuETF 4 22w

T T I L U R B I T T I T
1Lr . For sadh

B T T T I R L

L] 1 " honr o 1L -

R e L L R R L T

L I T I FEE R T s m m 1% I mwEEad = 172

Amer _ amar- . )
R e N A I I I R I S O
r a4 FEFr a4d P s AhFEEFD 0 kbR L.
H ol AT B A R o N
—amrd t Ty amerd Laumawd f Ly

=, A s -

E R I PR

4 . A REE s.a 77 F0 I I T T R

FER . pFRR T A FIL LR
T R I R N I I g g !
' FRE N O s44 k1 L2 T N R I
LR L o T R

Ler S s EF = g .

"ma N A
LN L re P!




US 9,788,763 B1

Sheet 3 of 8

Oct. 17,2017

U.S. Patent

h PR
I L L S e R
LEE RN B R L B e T B I L |
AT LB AT R I I AR - B I
i A T PO I I LT R U T L
I I I B R
e .
Fot !l i S p R L aaE e w
[ [
Y atEFa TR L o RN

aorr s e e

14 7
[ I

3090

L mw
[ re +

3200

F1G. 3B

310p 312b 3146

B AR I B B LT
H BB LR B T
k 1 &4 91 LI B B
L L A S

LT TR

I AR
I I T B
a Fi= - . abh =~ Jrdkpk
[T LTI L B T I L O I
R L L TR I B T ]

l.n.-ﬂi.._..-,..-—.-r.l.-_i—..-...-

3052

Foa- o Aar o roroa e AT -

- R A B BN ol AR I T S AL MR Y T R
LAC R N A B B T I
P R R I D L T o B B I T A e O B,
I L T R T I T L S T R I S I A A L B
ramm . ‘sapes. spper. apeppr T amppr L apxrc
...._. —.L..Il..l—.-_L..I.I.r—.lL..-.Il-'h‘.-...l-l-.—l.-.l.lul1lr
| I T I I o e S T N e T N T LR T R R T
Arpd T s A L ap T LammE St L mm FE T,
A N L T L e e L L

s mor oa - saror - saarrr . - r
roao- PP T - - rore -

LA
-
P |

LT Y
N | "
- d d F 1

[T T [ERT RN

300

- P P, a2 mbLba - cadkwr - .or ko

P Farcr a4 FPFr ' =JAgFETr -4 OTr-" - 4w+ LEf"
rhdd Fr a ke Ak Wk A kN F - cadRF - Ak FF
S e T o L e T L L L R
L T T S R
Laaroac Larr o s mLm 1+ rmEoac
P I BN R I B R o= g F *a - o ak
- P Eafor a4l s -—qdrd - g d- 0N
S FpdEF g xMTa A FWT ArEF - cANEF - -
F ' ed B3 g d P AR, A T

-

R R R T T S B | O R I I | LI R R R | LI T B
maan: | wawn: immEF‘ amaFi_ . aawEs-
e B e e I T T L T T R R R
F£eroo 8 B 1 cd B! L N DL T A B C R B I BT T ]
JIAN . rFEIAK NV ERLE | AREL ., ARET . LgFEE
S wd N7y cmd Y rdd s SE L ad  wad S R 3
[ S TR L B TR N VI B B R B S R R S T e R B LA o B T T I L P
GRS R AFT N AT JImERE Y SmF T, AFEECC , DR FTC, TRAEaT, X ERT Y, T
L T R R e T A e R I L N e R T B A e B T R R T
F#F' ot 1 F1 k! <4 01 F* 1 FAREFT bk Ff " @ FAT " prd B Ty p kR oAb
AMAT L YL, S ERAS  AEES . A RET . cEEET . L FTFWEL . g FTE . g FEFE
v

e md St s e T LT i ae S e ST Y T Tiomow . L

[ R B T T I R O T I T I B P I B I R N

R N T T . T T N I I I R R MY T L

O T L I L T A L
107 .4 F3 7 PR - I odp o+ L
R O . I L L R ]

a4 I P .
emow o, - m oo

sl T L AT T mAdwsT T At S T G rfd T e T AP gy T wampgds T owr pa”
ro= - [ I 11T P r " a4AFr° varTr- [ B I P réa' " CEHWE 1 bR
R I I e o I L T T S

' aw e Y e ma tmrd S raw ) L hard T ST aears"T er T T i rr T el el

Fr 1 ar T, vara _ sorh oo rA P F- w0 fPA - s FTF s L aF A s EARE . P+ R B
L L e R o R e T L R T L L
L eF A RS . e A A T . AT T G wpF " G dF T, e " " .M - ww g m
' Lol L p PR3 R ra . re i nroe [ I a1 Fr aqmmr- oomopoc L I ' CRFpmon
N L I R L T L L L ) P o R I L
T . -madkr. o
3 T P R
LR R R R I L N

ad d ¢4 - a ) mkl - domA - rd LI - 1

R T e e T N A N
TR F A T ek T i Tpaa s LAl T T N
drs sam b s de s o wrcdr o aeddcl iy Lo
L P A LR R
Fol = crd g s gt gt g
P I N I L T FE L2 il

LTy T Ty L

AR L AT
TS Trraar.yafFTS
v 4 FE S kR
FEETIE. B L LT

FIG. 3C



US 9,788,763 B1

Sheet 4 of 8

Oct. 17,2017

U.S. Patent

3050

o £ d -

B R B T AR = b

woa AFEE R LR

-
+p ™t e s pd B e A
L a b A F Y L eR FF LA R L

PR R LA I L S R

- A w om o ERNF a2 m omon

P R R B L I I S ST I A ALY B B ST I Y R N L
kAo AT+ Ve = A AR R s PR g AR P TR
L T T I R A T T B L . B L T T L L N
R A T I T L L I R L R R I

AR E AR JTITET S FANY ) oy s g R
I L R e R A T LA T I R i T I TR I I L N MR I

prpd L pEAT A P N N I L B R I L .k
e L T T e e e L UL R R B L

. rr - r w oa - - . c et - = -
N R EERC I I

rr T e T

el I I I I I I T N ORI SR
LI B AL O A L B B O o U LR B B LA B B L B B L B ]

. 1;.......1..........;..-.1..-..u_._..w...1.._ﬁ:...u.........“.__-...1|:.hn.“1.1|:...n.
LI L O B AL I R N SN B N LA B L B B LR B N AL

ramrr s T mra " i rra e " T amra S prmas L Taameas e

.
_....1.._.__.".nu...-..l......_n.u.u..._..nn,.......t..._.._...-....._...nqn.___...:.__‘..I._.L
ddrr - L0 vaertt gk rt i dddr s kg e

L e i i e P L AR
ERUN N I s
[

a4 -t FAC. RS Ty 4T 4 TR 4 N BB ]

LI A R e I A A I L B L
. 1 B " amn ram - - - .-
LEor s om oS Lan [ e omor

ol md

I.—.‘.-".-.

N B B T A T ]
oL A kR A A S

L e e L

Toeda T FA T S T
- AL P - aAAR A . AT . oA

a b d

P R . L T I e
4+ 4

' Lo g pr

P ]

—y por

L oa e - A m -

L N R T T T I N A I
F A + = b ~ 1 € < o+
B T T T e N L TR s

e oar

AT a a4

R L I B R N B

- r

L3

r 2 ampFpr Loy oo [

=y oo

LR A I S L B B L L . I B

L AL R e I e e R B e L
L - . oaroaa s =TT C - apd o dEEs g R
P R R T T I B R T I B B

L L T T T P o R N I T L

AR N B A R I T T L T T S A
S ARA  obbua i amTe sLp WL Spaua, auwu
R B B LTI T B AL S AP B R B I I
L AL I I B L e L T I i L B DI O LR EEE B B I
P T T B e A
L R I T

R B I R
Fr 4T3 kR URT A - i rrra - ward AT
e R i ai e T T S S Il il A U T BN B ol ol T
CREF T .yl PP syt g B g AT
--.I-.-.—.-.I...1-.1.-.-...-—.-.1_1&.“-F.tl.—-..-.1‘-—..—
P I e B R T At e e L L

mAd A r T rwad

T T T T T PR M A e R R T R S, P T T R

- e ou g LI T S R T |

a . R N B T N |

R T N s S T AL RO T R RS T A A L R A B L e
cd g3 rFf" s d gAY gaxrrSt awd

L B B I R A B e I I

aa xal T AT o e I R o T I L

'
4 . 4 F KB
r [

PR oam o L moar I a W m a4 . FrEXEa .JdmmuU . - wxu

4 m omoa

LB rET ol g oEE o ow R I e w0 = - @ > s .mwwWTI . r =
. [ b - PR oo P .

LR O O 2 i T S T EFT " 4 """ v hrp Ly,
- rr F- 1wy Fr r s .o FT [ B LI B
L I L L T N L B LI A P R L e I B
LI L - "
Loa oA -t r EIE I

L I N T I

- a . -
rowd
L N L L I
[ R B AL I ST LI A
FAA L, gL R,
P L T T o R I L
CRE I ] [ I 143 -
LR R R L
I O O I T e O T
(LA B B I B B O LTI
L N L AL T e L PP
L Y

FR R TR

o=

wom o 4w P

R T T

o ey
e T I L T o A L
FFRr LI I ] LI |
I o - p 14 " h T F T B
L L T

N L - 2 a rad . iammr .r1or

A+ 4

T L T N o T T LR R T T T LA I R R L A
LI I O PR a3 I rxd 7 xxp kR . g rdrT « p 4 & LI |
T s P FE 1i@arr > - FrErEr KA I A N B B A B R Y L

I . T T T e A e T T T I R S I T rer

[ . -

-
.

AT F - ] en T a4« d L d S pER S AT L& mFr .4 F
4 kL _ mR T A g ERF _ oaAw( cAadd s add Al o Jdmm
.-.--.l.l..l.‘l..-. -.-. -l ‘a l.r-.-L -.. .l E.‘.rm k _. I I b

R E I E T caArd T FAEFT sk BTa ardar awdrd LA EAFTF .of 0
P2 oa o

e e B

L TR I L

- ka4 '

e L T -

L dl - F ol .o R L e N L N L N
o P T T e I T L L T I R

T

- '

h e ard L uwmd "R oa ]

T m oL ELN N B xR ow s = om o oa P - ow o LR I R " o oaw

La kw3 s pFroE LR ek N N O L LT T B R LA F

L L L L. I R

o H e R R R I I o L LI B T IR

P e A T i PR L R L I O PR I |

I B I T T T A T T I R I R R e

R L e I I O L I I

LA I o T I L e R T L T T DL PR S R o

A A+ T T kAT T A= R AR o
P T B T R L LR A T I |
CRERE I I I I -5 r - - r4 s - =
[ P T T O L N
P I I T LT L]

P I O I L - a4 2

nhomon

- [

4 v n F = o g mdd ymam S, g o

CIFIE I B
L L) LI I A BELEEEE L B = 8 T

FIG. 3D

FrCT -4 30

W

d &P

e d TN, L AT
u 1A m F LT
e

T T I
'
AR A ETEET -,

- 4 d

4

U
s x i
L ]

e

L

P N ]

r

s e e p s R
S 4 p 44

F
g oaa
R
LI
N e N R

et R

FLEC L B

gror o

EERRTINC I

R

FLEFLEN N R R

ERY

B e

PR N
LI
LA ol
I
r

R

ol

L

1w om o

I r = =

e A
r "= 4 = o= n
-_—n i r

e om e

PR R R

M e

TR L

BT

- wr o
PR L
R L T I i I R |

I B
-......_.-.-_...er.r.

o od oW ¥

LI L

KR I I

o md o

P L o AL

-~ = u

) o oaoaa
BUT I o BRI L T I

sA Kk F Y C

PR

J10e 312e 3dlde

FIG. 3E



US 9,788,763 B1

Sheet 5 of 8
405b

Oct. 17, 2017
4093

U.S. Patent

AW
L A
<o
~f

4000

4070
414D

D
3 a -..__.-...._.__. ._.:_- .-..__l.v-_r. r .._._-. l.._..-..-
LA

412h

F1G. 4B

R A

PR xw o .rm X m. oomEE U -7 wmoaoa -rm o i e m

L T T R I L I A NI Rl

P 2 R L e T U 0 R T S Y S T B A R T T e T

Lrads s apnfrt L lafs "t agdFA Y, gmdF.  pgaa
PR AL BLEL R PR O B B L L B LR B B R T I L
R R N B T T L T T I L B T DA R B

Pk ok d el o b AR ok KEdEne 1 d kA PR T R TP TR T R |
L L I i R LR L R e I I R AL
[ D R "IN T R N I M ol T S I PRI B L T T A RO N L ol B B Ll
'y fFrFT a2 fFd7 sAardST Akt e, e FESS 2R d T d LS
L A L e L I N N A B B L T e L S B B e L

[ [ P - s a . s a - PR T
PR N T R | . a2 om 4 =3 m ¢ L orarr-- awm

4100
09

- - - .
= ma'r PR I A

BRI

- -
R o

B a4

- - [ RS N R, [ A A |

-m ks B R
L A N e T L T Y B B i S R R T A B
L nyn- woad T kR rpd T R LR | Pl R A dEA
14 I mpkA s g W - m AW s K# T | A fdAdE LAkl a Nl
tra TR xS, e TR e P e TR d EFRL, D TY

T I T e e o T T L T o I T Sy S e

n

[

R

feow TR

T T wm Prm o [T ] LW wE 1 oA mAc [ I T s mm raxrmn L

R I e R i T T - T R A A o B R T
r-~ Fr i e F ¥ LI B B LI I K rerdr rrd LR [ I B
C I I O L. LI T B B sA T T TR N ARFTe . FAEES . EPA~
L T e e e L I B I B M S B B

R L I S N R T L

- AT -

4w e KO R I R LR A R L I
T I B e R R R B I I e T I B T N i T L T T S T R R LA T
F = . F~mrr . r*c A Lk kRS o Lw P I I Lor bk T I ] s A B EFT ra cHd -

L L L i R T T R L R R T T L R L R I
L I T A T R B L A T I R e T I T I I T I L A Sy
) P I T N AT T T T I TR T N B

R L

B R B R L T R

P ART s AR R capEen . | rFaTn caFann, cxmT— o
I I I A e T T e N L N N LI I R R P R

g

= . r 4T . F1 F - kP v L apods g d N B .oao= fd P B EI B
I I I T BT B B I som LA cordom s Amd ke rdmr-s o rdmr L d mer N
. T R e e R I N T R e O T

ara s wraaad o wdreS T rar T e T s ma e g aea e e ma T L

L T B R
LI B LA
N B N R
C

I L R T T T .
T B N L I LI I L N
L LA .k FET .rk L T FRTI .

e Y, T o L L T R

£ 47 49kt o Lpet s BEEE I I
FFEA4 . ok K1
e B

-

-t

L N Yy o= am T,

- ' - '

[ B 1 m & raarsS Y s owaa. .1 F &g PR B ) T mom s ‘4 m o

e d e
R o O A e BRI
CTE I T I R N A I LA N I A LT T B o
.op kb L I R B A N B Lrpdf I L e

T e e T R T I o O

R T R s

AT oroa T or - LI B ) T rFr1 - - r ey r = = #fa =

[ B B L

T I L

L] PR or LR T I | “ weom o I rm e .- s moErFrTr e

R I T T A T H e S e
LI L B L T B B T K B AL B B
T B LT B A 3 L I B U O B R B
n.......................r-_........-L....._.I....

. - -

aEas apwads T ey o
T R T T B

410a

r*ﬂ
o
N ":i‘ ud"‘
[
*_‘h
¢!
h |




U.S. Patent Oct. 17, 2017 Sheet 6 of 8 US 9,788,763 B1

610

POSITIONING A DEVICE PROXIMATE TO AN EXTERNAL
BODY SURFACE PROXIMATE TO A PORTION OF 500
SUBSURFACE VASCULATURE CONTAINING FIRST AND
SECOND MAGNETIC PARTICLES /

620

SEPARATING THE FIRST AND SECOND MAGNETIC
PARTICLES IN THE PORTION OF SUBSURFACE
VASCULATURE BY EXERTING MAGNETIC FORCES FROM
THE DEVICE ON THE FIRST AND SECOND MAGNETIC
PARTICLES
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METHODS FOR MAGNETIC PARTICLE
CAPTURE AND SEPARATION

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims 1n this appli-
cation and are not admitted to be prior art by inclusion 1n this
section.

A number of scientific methods have been developed to
detect, measure, and/or aflect one or more analytes 1n a
biological or other environment. The one or more analytes
could be any analytes that, when present 1n or absent from
a person’s body, or present at a particular concentration or
range of concentrations, may be indicative of a medical
condition or health state of the person. The one or more
analytes could be substances whose distribution, action, or
other properties, interactions, or activities throughout an
ammal’s body was of scientific interest. The one or more
analytes could be include pharmaceuticals or other sub-
stances 1ntroduced 1nto the biological or other environment
to eflect some chemical or biological process. The one or
more analytes could be present in living or nonliving human
or animal tissue, and could be detected, measured, of
aflected 1n an 1n vivo, €x vivo, 1 vitro, or some other type
of sample. The one or more analytes could include enzymes,
reagents, hormones, proteins, drugs, nanoparticles, pharma-
ceuticals, cells or other molecules.

Detecting, measuring, and/or aflecting one or more ana-
lytes 1n a biological or other environment can be accom-
plished through the use of a contrast agent targeted to and/or
part of the one or more analytes. The contrast agent can
tacilitate detecting, measuring, and/or affecting the one or
more analytes by having an optical, magnetic, electromag-
netic, acoustical, and/or some other property that 1s diflerent
from (e.g., that contrasts with) the surrounding environment.
The contrast between a property of the surrounding envi-
ronment and the different property of the contrast agent can
permit selective manipulation and/or detection of the con-
trast agent and/or the one or more analytes.

SUMMARY

Some embodiments of the present disclosure provide a
method including: (1) positioning a device proximate to an
external body surface that i1s proximate to a portion of
subsurface vasculature, wherein the portion of subsurface
vasculature contains first magnetic particles and second
magnetic particles; and (11) separating the first and second
magnetic particles in the portion of subsurface vasculature,
wherein separating the first and second magnetic particles
comprises exerting magnetic forces on the first and second
magnetic particles, wherein the magnetic forces are exerted
by the device.

Some embodiments of the present disclosure present an
apparatus, comprising a magnetic field producer, wherein
the magnetic field producer 1s configured to be positioned
proximate to an external body surface that 1s proximate to a
portion of subsurface vasculature, wherein the portion of
subsurface vasculature contains first magnetic particles and
second magnetic particles, wherein the magnetic field pro-
ducer 1s configured to separate the first and second magnetic
particles 1n the portion of subsurface vasculature, wherein
separating the first and second magnetic particles comprises
exerting magnetic forces on the first and second magnetic
particles, wherein the magnetic forces are exerted by the
magnetic field producer.
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2

These as well as other aspects, advantages, and alterna-
tives, will become apparent to those of ordinary skill in the
art by reading the following detailed description, with ret-
erence where approprate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s cross-sectional view ol an example magnetic
assembly proximate to magnetic particles 1n a lumen of
subsurface vasculature.

FIG. 1B 1s cross-sectional view ol an example magnetic
assembly proximate to magnetic particles 1 a lumen of
subsurface vasculature.

FIG. 1C 1s cross-sectional view of an example magnetic
assembly proximate to magnetic particles 1n a lumen of
subsurface vasculature.

FIG. 2A 1s cross-sectional view of an example magnetic
assembly, while positioned near a lumen of subsuriace
vasculature.

FIG. 2B 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 2C 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 2D 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 3A 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 3B 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 3C 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 3D 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 3E 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 4A 1s cross-sectional view
assembly, while positioned near
vasculature.

FIG. 4B 1s cross-sectional view of an example magnetic
assembly, while positioned near a lumen of subsurface
vasculature.

FIG. 5 1s cross-sectional view of an example magnetic
assembly, while positioned near a lumen of subsurface
vasculature.

FIG. 6 1s a flowchart of an example method.

FIG. 7 1s a perspective view of an example wearable
device.

FIG. 8A 1s a perspective top view of an example wrist-
mounted device, when mounted on a wearer’s wrist.

FIG. 8B 1s a perspective bottom view of an example
wrist-mounted device shown 1in FIG. 8 A, when mounted on
a wearer’s wrist.

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

ol an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

of an example magnetic
a lumen of subsurface

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying figures, which form a part hereof. In the
figures, similar symbols typically i1dentity similar compo-
nents, unless context dictates otherwise. The illustrative
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embodiments described 1n the detailed description, figures,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the scope of the subject matter presented
herein. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illus-
trated 1n the figures, can be arranged, substituted, combined,
separated, and designed in a wide variety of diflerent con-
figurations, all of which are explicitly contemplated herein.

I. Overview

Magnetic particles can be configured to selectively bind
with an analyte of interest. Magnetic particles configured in
this way can enable manipulation of, detection of, or other
interactions with the analytes by applying magnetic forces to
the magnetic particles. Additionally or alternatively, an
analyte of interest could be intrinsically magnetic, or could
be an engineered analyte (e.g., a pharmaceutical) that
includes a magnetic property and/or that 1s bound to a
magnetic particle and that can be mtroduced into an envi-
ronment according to an application.

Generally, the magnetic particles may be made of and/or
wholly or partially coated by an inert material, such as
polystyrene, and can have a diameter that 1s less than about
20 micrometers. In some embodiments, the particles have a
diameter on the order of about 10 nm to 1 um. In further
embodiments, small particles on the order of 10-100 nm 1n
diameter may be assembled to form a larger “clusters” or
“assemblies on the order of 1-10 micrometers. Those of skill
in the art will understand a “particle” 1n 1ts broadest sense
and that 1t may take the form of any fabricated material, a
molecule, cryptophane, a virus, a phage, etc. Further, a
particle may be of any shape, for example, spheres, rods,
non-symmetrical shapes, etc. In some examples, the par-
ticles may be magnetic and can be formed from a paramag-
netic, super-paramagnetic or ferromagnetic material or any
other material that responds to a magnetic field. Further, the
particles can be configured to selectively bind to one or more
analytes (e.g., chemicals, hormones, peptides, DNA or RNA
fragments, cells).

Separation of two or more types, classes, or other sets of
such magnetic particles could enable a vanety of applica-
tions. The two or more sets ol magnetic particles could be
configured to selectively interact with (e.g., to bind to) one
or more analytes of interest. In some embodiments, separa-
tion and/or collection of the two or more sets ol magnetic
particles could enable to the detection and/or modification of
one or more properties of the one or more analytes of
interest.

Separation ol two or more sets of magnetic particles could
be eflected by generating a magnetic field having a specified
profile 1n an environment containing the magnetic particles.
Properties of the magnetic particles and/or the specified
profile could cause differential motions between the two or
more sets of magnetic particles related to differences in one
or more properties of the two or more sets of magnetic
particles, resulting in separation and/or collection of the two
or more sets of magnetic particles. In some environments,
the magnitude of fluid forces on a magnetic particle (e.g.,
drag, convection) could be related to the surface and/or
cross-sectional area of the magnetic particle and/or other
analytes or particles bound to the magnetic particle. The
magnitude ol a magnetic force exerted on a magnetic
particle by a magnetic field could be related to the volume
of magnetic material (e.g., the volume of a particle of
superparamagnetic iron) in the magnetic particle. Thus, a
magnetic field profile (1.e., a pattern of magnitude and
direction of a magnetic field) 1mn the environment could be
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4

specified to cause separation of magnetic particles related to
properties (e.g., sizes, cross-sectional areas, volumes, types
of magnetic material, whether the particles are aggregated
together and/or bound to an analyte) of the magnetic par-
ticles and/or properties of the environment (e.g., a flow
profile of flmd 1n a portion of subsurface vasculature).

Embodiments herein relate to devices that include mag-
netic field producers (1.e., devices that include one or more
permanent magnets, electromagnets, magnetic shims, and/or
other magnetic elements and that produce and/or can be
operated to produce respective magnetic fields) and that are
configured to generate high-strength magnetic fields (i.e.,
magnetic fields having a high field magnitude and/or field
gradient magnitude) having specified profiles such that
mounting or otherwise positioning the devices proximate to
a portion of subsurface vasculature or other tluid environ-
ment causes separation of first and second magnetic particles
in the subsurface vasculature or other fluid environment.
These embodiments could be applied to mampulate mag-
netic particles i living (e.g., blood of a living human or
amimal) or nonliving (e.g., a sample 1n a container config-
ured to enable mmaging or measurement of the sample)
biological environments or non-biological environments
(e.g., a fluid that 1s part of a chemical synthesis process). In
some embodiments, the devices could be wearable (e.g.,
configured to be worn around the wrist). Magnetic field
producers as described herein could include one or more
permanent magnets, electromagnets, high-permeability
poles or shims, or other magnetic or partially magnetic
clements according to an application.

A magnetic field producer could include one or more
permanent magnets. The one or more permanent magnets
could be configured to produce high-strength magnetic
fields, for example samarium-cobalt magnets, neodymium
magnets, rare earth magnets, alnico magnets, ferrites, or
other ferromagnetic or otherwise permanently magnetic
materials. The one or more permanent magnets could have
a variety of orientations (e.g., directions of the magnetic
moment of the one or more dipole magnets) relative to a
target environment and relative to each other. In some
examples, the one or more permanent magnets include three
or more dipole magnets arranged as a Halbach array. A
magnetic field producer could include one or more electro-
magnets. A magnetic field producer could be configured to
generate a magnetic field having a specified profile 1mn a
portion of subsurface vasculature or other region of fluid
flow that included a magnetic field gradient 1n a transverse
direction (1.e., substantially parallel to a direction of flow of
fluid 1n the environment, e.g., along the long axis of a pipe
or portion of subsurface vasculature) to generate a force on
magnetic particles to oppose fluid forces on the magnetic
particles due to the flow. Additionally or alternatively, the
specified profile could include a magnetic field gradient 1n a
radial direction (1.e., toward the wall(s) of a pipe or portion
ol subsurface vasculature) to generate a force 1n magnetic
particles to attract the magnetic particles to the wall(s) of the
fluid environment containing the magnetic particles. Other
specified profiles of a magnetic field 1n an environment of
interest that contains magnetic particles (e.g., a portion of
subsurface vasculature) are anticipated.

A varniety of differences 1n properties between {first and
second magnetic particles could enable separation of the first
and second magnetic particles by a magnetic field having a
specified profile. In general, these diflerences can relate to
differences 1n a relationship between the eflective cross-
sectional and/or surface area of the magnetic particles (1.e.,
a cross-sectional and/or surface area of the magnetic particle
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and any other analytes, magnetic particles, or other elements
directly or indirectly bound to the magnetic particles) and an
cllective magnetic moment of the magnetic particles (e.g., a
total volume of magnetic material of the magnetic particles
and/or any other magnetic particles directly or indirectly
bound to the magnetic particles). For example, first magnetic
particles could have a first size greater than a second size of
second magnetic particles, such that a ratio of magnetic
force to fluid dynamic force on the first particles 1s greater
than the ratio for the second particles such that the first
particles are collected on a wall of a portion of subsurface
vasculature containing the first and second magnetic par-
ticles while the second particles are not collected. In another
example, a plurality of magnetic particles could be bound to
an analyte (1.e., first magnetic particles are aggregates
including magnetic particles bound to an analyte, while
second magnetic particles are unbound magnetic particles
free 1in the environment) such that a ratio of magnetic force
to fluid dynamic force on the analyte/bound magnetic par-
ticle aggregates (1.e., the first particles) 1s greater than the
ratio for the unbound magnetic particles (i.e., the second
magnetic particles), such that the first particles are collected
on a wall of a portion of subsurface vasculature containing
the first and second magnetic particles while the second
particles are not collected.

Methods, devices, and other embodiments described
herein could be configured to enable a variety of applica-
tions. In some examples, magnetic particles could be con-
figured to bind to an analyte, such that separation and/or
capture of the magnetic particles could enable the detection
ol one or more properties of the analyte (e.g., a concentra-
tion of the analyte). One or more properties of the analyte
could be related to a medical condition of a human or animal
containing the analyte. In some examples, the analyte could
have a medical or other effect on the human or animal (e.g.,
the analyte 1s a toxin, the analyte 1s a pharmaceutical, the
analyte 1s a cancer cell), and separating and/or collecting
magnetic particles bound to the analyte could modulate or
otherwise aflect a medical condition of the human or animal.
In some examples, separation and or collection of the
magnetic particles could enable collection of the analyte for
analysis outside the body of the human or anmimal. Other
applications and environments containing magnetic particles
are anticipated.

It should be understood that the above embodiments, and
other embodiments described herein, are provided {for
explanatory purposes, and are not mtended to be limiting.

Further, the term “medical condition” as used herein
should be understood broadly to include any disease, illness,
disorder, 1njury, condition or impairment—e.g., physiologic,
psychological, cardiac, vascular, orthopedic, visual, speech,
or hearing—or any situation requiring medical attention.

II. Ilustrative Magnetic Particles and Separation Thereof

In some examples, magnetic forces are exerted on mag-
netic particles disposed 1n a fluid environment to separate
two or more of the magnetic particles. The fluid environment
could include artificial environments (e.g., a flmd of an
industral process, a fluid of a chemical or pharmaceutical
process) and natural environments (e.g., a lake, a river, a
marsh, blood in vasculature of an animal). For example, the
magnetic particles could be disposed 1n blood 1n a portion of
subsurface vasculature of a human. The magnetic particles
could be permanently magnetized (e.g., could be ferromag-
netic) or could become magnetized when exposed to a
magnetic field (e.g., could be paramagnetic) or to some other
factor. Exerting a magnetic force on such magnetic particles
could include providing a magnetic field 1n the environment
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of the magnetic particles having a high magnitude of mag-
netic field gradient, such that permanent and/or induced
magnetic moments of the magnetic particles are attracted in
the direction of (1.e., experience an exerted magnetic force
in the direction of) the gradient. Exerting a magnetic force
on such magnetic particles could additionally or alterna-
tively include providing a magnetic field in the environment
of the magnetic particles having a high magmtude, such that
magnetic moments are mduced 1n the magnetic particles
and/or permanent and/or induced magnetic moments of the
magnetic particles experience a torque aligning the magnetic
moments with the direction of the magnetic field.

Generally, the magnitude of a magnetic force exerted on
a magnetic particle 1s related to the magnitude of the
permanent and/or induced magnetic dipole moment of the
magnetic particle. In some examples, the magnitude of the
permanent and/or induced magnetic dipole moment can be
related to the mass and/or volume ol magnetic material
included in the magnetic particle. For example, the magni-
tude of the induced magnetic dipole moment of a magnetic
particle that imncludes a particle of superparamagnetic 1ron
oxide could be related to the volume of the particle of
superparamagnetic iron oxide. The magnetic particles could
be artificial (e.g., functionalized polystyrene shells contain-
ing and/or coating particles of superparamagnetic iron
oxide), natural (e.g., particles of magnetite encapsulated 1n
lipid bilayers 1n a cell), or could contain natural and artificial
clements (e.g., an artificial magnetic particle onto which a
variety ol natural antibodies are adsorbed or otherwise
attached).

Generally, the magnetic particles may be made of and/or
wholly or partially coated by an inert material, such as
polystyrene, and can have a diameter that is less than about
20 micrometers. In some embodiments, the magnetic par-
ticles have a diameter on the order of about 10 nm to 1 um.
In further embodiments, small particles on the order of
10-100 nm 1n diameter may be assembled to form larger
“clusters” or “assemblies” on the order of 1-10 micrometers.
Those of skill 1n the art will understand a “particle” 1n 1ts
broadest sense and that it may take the form of any fabri-
cated maternial, a molecule, tryptophan, a virus, a phage, etc.
Further, a magnetic particle may be of any shape, for
example, spheres, rods, non-symmetrical shapes, etc. In
some examples, a magnetic material of the magnetic par-
ticles can include a paramagnetic, super-paramagnetic or
ferromagnetic material or any other material that responds to
a magnetic field. In some examples, the magnetic particles
can 1nclude a magnetic moiety. Further, the particles can be
configured to selectively bind to one or more analytes (e.g.,
chemicals, hormones, peptides, DNA or RNA fragments,
cells). In some examples, the magnetic particles could be
considered to include other elements (e.g., analytes, other
magnetic or non-magnetic particles) bound to the magnetic
particles. For example, a ‘first magnetic particle’ could
include a particle of magnetic material functionalized to
selectively interact with an analyte, and a ‘second magnetic
particle’ could include one or more of the ‘first magnetic
particles’ bound to the analyte, such that the ‘second mag-
netic particle’ 1s a composite particle including at least one
instance of the analyte. Other embodiments of magnetic
particles are anticipated.

In some examples, the magnetic particles are functional-
1zed to selectively interact with an analyte of interest. The
magnetic particles can be functionalized by covalently
attaching a bioreceptor designed to selectively bind or
otherwise recognize a particular analyte (e.g., a clinically-
relevant analyte, e.g., a cancer cell). For example, magnetic
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particles may be functionalized with a variety of biorecep-
tors, including antibodies, nucleic acids (DNA, siRNA), low
molecular weight ligands (folic acid, thiamine, dimercapto-
succinic acid), peptides (RGD, LHRD, antigenic peptides,
internalization peptides), proteins (BSA, transierrin, anti-
bodies, lectins, cytokines, fibrinogen, thrombin), polysac-
charides (hyaluronic acid, chitosan, dextran, oligosaccha-
rides, heparin), polyunsaturated fatty acids (palmitic acid,
phospholipids), or plasmids. The functionalized magnetic
particles can be introduced into a portion of subsurface
vasculature of a person by injection, ingestion, inhalation,
transdermal application, or 1n some other manner. In some
examples, two or more types of magnetic particles could be
configured to selectively interact with respective two or
more analytes of interest. For example, first magnetic par-
ticles could be configured to selectively interact with a first
analyte of interest and second magnetic particles could be
configured to selectively interact with a second analyte of
interest. Separation, collection, or other manipulations of the
first and second magnetic particles by exerting magnetic
forces on the first and second magnetic particles could
enable a variety of applications related to the first and second
analytes of interest.

A clinically-relevant analyte could be any substance that,
when present 1n the blood of a person or amimal, or present
at a particular concentration or range of concentrations, may
be 1indicative and/or causative of an adverse medical condi-
tion. For example, the clinically-relevant analyte could be an
enzyme, hormone, protein, other molecule, or even whole or
partial cells. In one relevant example, certain proteins have
been 1mplicated as a partial cause of Parkinson’s disease.
Thus, the development of Parkinson’s disease might be
prevented or retarded by providing magnetic particles func-
tionalized with a bioreceptor that will selectively bind to this
target. A magnetic force may then be exerted on these bound
magnetic particles, using one or more magnetic assemblies
as described herein (e.g., a magnetic assembly 1n a wearable
device mounted to an external body surface proximate to a
portion of subsurface vasculature), to collect, separate,
detect, modity, or otherwise interact with the bound protein.
As a further example, the analyte could be a cancer cell. By
selectively collecting and then detecting, extracting (e.g., by
use ol an intravenous syringe), modilying, or destroying
individual cancer cells (e.g., by emitting energy toward the
magnetic particles such that the magnetic particles are
heated suthiciently to cause an increase in temperature of the
proximate bound cancer cells), the spread of cancer may be
diminished and/or quantified.

Magnetic particles and/or magnetic assemblies configured
to exert magnetic forces on such magnetic particles (and
devices including such magnetic assemblies) could be con-
figured and/or operated to provide a number of different
applications. Applications could include detecting one or
more properties of the magnetic particles, one or more
properties ol an analyte bound to or otherwise selectively
interacting with the magnetic particles, collecting and/or
extracting the magnetic particles and/or analytes bound to
the magnetic particles, moditying and/or destroying the
magnetic particles and/or analytes bound to the magnetic
particles, or other applications.

Separation of first and second magnetic particles could
include exerting a variety of magnetic forces 1n a variety of
environments to eflect a variety of changes 1n the location,
velocity or other properties of the first and second magnetic
particles. Generally, separation of first and second magnetic
particles includes causing and/or changing a change in
relative displacement, velocity, and/or acceleration between
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the first and second magnetic particles such that a region
experiences a relative increase in an amount of the first
magnetic particles contained 1n the region and/or a relative
decrease 1n an amount of the second magnetic particles
contained in the region. For example, a magnetic force could
be exerted on the first and second magnetic particles such
that the first magnetic particles are collected 1n a region
while the second magnetic particles are not attracted and/or
are repelled from the region. In some examples, magnetic
forces could be applied to first and second magnetic particles
in a region such that the first and second magnetic particles
exhibited a relative displacement away from each other. For
example, the first and second magnetic particles could be
carried 1 a flow through a region, and a magnetic force
could be exerted such that the velocity of the first magnetic
particles 1n the region 1s retarded such that the concentration
of the first magnetic particles 1n the region 1s increased. In
another example, the first magnetic particles could experi-
ence a force causing a displacement of the first magnetic
particles toward a first sub-region (e.g., a medial wall of a
vein) and the second magnetic particles could experience a
force causing a displacement of the second magnetic par-
ticles toward a second sub-region (e.g., a lateral wall of a
vein). Other examples of separation of first and second
magnetic particles and/or of additional magnetic particles
are anticipated.

In some examples, a magnetic assembly could be config-
ured to exert a first magnetic force on first magnetic particles
and to exert a second magnetic force on second magnetic
particles such that the difference between the first and
second magnetic forces 1s suflicient to cause separation of
the first and second magnetic particles. For example, the first
magnetic particles could have a first magnetic moment (e.g.,
related to a first characteristic size of the first magnetic
particles) and the second magnetic particles could have a
second magnetic moment (e.g., related to a second charac-
teristic size of the second magnetic particles) that 1s diflerent
from the first magnetic moment.

Additionally or alternatively, the magnetic force exerted
on the magnetic particles could be substantially the same
between diflerent sets of magnetic particles (e.g., between
first and second magnetic particles), but some other force
(e.g., fluid drag) could be different between first and second
magnetic particles such that exerting the magnetic force
causes separation of the first and second magnetic particles.

In some examples, magnetic particles could be configured
to bind to an analyte of interest, and a magnetic assembly
could be configured to collect or otherwise manipulate the
magnetic particles to enable the detection, extraction, modi-
fication, or other manipulation of the analyte. For example,
the magnetic assembly could be configured to produce a
magnetic field in the portion of subsurface vasculature such
that first magnetic particles (1.e., aggregate particles com-
prising instances of an analyte and magnetic particles bound
thereto) experience a greater magnetic force than second
magnetic particles (1.e., unbound instances of the magnetic
particles) such that the first and second magnetic particles
can be separated.

Separation of first and second magnetic particles could be
due additionally or alternatively to other diflerences between
the properties of and/or environment of the first and second
magnetic particles. Magnetic particles could experience a
state change related to the environment (e.g., pH, tempera-
ture, presence of one or more analytes and/or other chemical
or biological elements, a radiation level, an intensity, wave-
length, polarization, or other property of 1llumination in the
environment) of the magnetic particles and/or a state of the
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magnetic particles (e.g., a spin state, an excited energy state,
a binding state, a protein folding state, a conformation, an
orientation, a phosphorylation state, a methylation state, the
presence of a sandwich assay proteimn to the magnetic
particles). A magnetic assembly could be configured to
produce a specified magnetic field profile (1.e., to produce a
magnetic field having one or more specified properties, e.g.,
field intensity, field gradient intensity, field gradient direc-
tion at one or more locations in a region of interest contain-
ing magnetic particles) that 1s related to the properties of the
first and second magnetic particles and/or the environments
of the first and second magnetic particles to eflect separa-
tion, collection, or some other manipulation of the first and
second magnetic particles.

In some applications, separation and/or manmipulation of
magnetic particles could enable detection and/or modifica-
tion of an analyte. For example, the reaction (e.g., a differ-
ential and/or absolute motion) of a magnetic particle to a
magnetic field generated by a magnetic assembly could be
detected, and one or more properties of the reaction could be
used to determine one or more properties of the magnetic
particle. For example, a change 1n velocity of a magnetic
particle, when exposed to the magnetic field of the magnetic
assembly, could be related to whether the magnetic particle
was bound to an analyte. In some examples, the magnetic
particles could be configured to couple an oscillating elec-
tromagnetic field into an increase in heat proximate to the
magnetic particle, and this increase 1n heat could be used to
detect one or more properties of the magnetic particle and/or
to modily the environment proximate to the particle (e.g., to
denature an analyte bound to the magnetic particle). Other
configurations, operations, and applications of the embodi-
ments described herein are anticipated.

In some embodiments, a detector could be disposed
proximate to a magnetic assembly that 1s configured to
separate the magnetic particles, and the detector could detect
one or more properties of an analyte bound to some or all of
the magnetic particles (e.g., by detecting an optical property
of the analyte and/or magnetic particles (e.g., fluorescent
detection of a fluorophore), by detecting a magnetic property
of the magnetic particles). Additionally or alternatively, an
energy emitter could be disposed proximate to the magnetic
assembly, and the energy emitter could emit energy toward
the separated and/or collected magnetic particles suilicient
to alter one or more properties of the analyte (e.g., to destroy,
denature, heat, change a conformation state of, other other-
wise modily the analyte). In some examples, separation and
collection of an analyte bound to magnetic particles by a
magnetic assembly could enable the extraction of the analyte
and magnetic particles (e.g., using a hypodermic needle).

Exerting a force on magnetic particles could include
exerting an attractive magnetic force on the magnetic par-
ticles. That 1s, a magnetic assembly could be configured to
attract the magnetic particles toward the magnetic assembly.
In some examples, the magnetic assembly could be config-
ured to exert an attractive magnetic force ol suilicient
magnitude to collect the magnetic particles proximate to the
magnetic assembly. For example, the magnetic particles
could be disposed 1n blood of a wearer of a wearable device
that includes the magnetic assembly, and the wearable
device 1including the magnetic assembly could be mounted
to an external body surface of the wearer proximate to the
portion of subsurface vasculature such that the magnetic
particles collect in the portion of subsurface vasculature
proximate to the magnetic assembly.

In some examples, the magnetic or other differences in
properties between {first and second sets of magnetic par-
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ticles could be itrinsic to individual instances of the first
and second magnetic particles. For example, the first mag-
netic particles could have a first magnetic moment, coetli-
cient of drag, cross-sectional area, or some other property,
and the second magnetic particles could have a second
magnetic moment, coeflicient of drag, cross-sectional area,
or some other property such that the first and second
magnetic particles can be separated by a magnetic assembly.
FIG. 1A 1llustrates a lumen 112a of a blood vessel (1.e., a
portion of subsurface vasculature) 110a. Blood 1n the lumen
1124 1s flowing, and the flow of the blood within the blood
vessel 110a has a tlow profile 1154 related to location within
the blood vessel 110q; 1.e., blood flows faster 1in the middle
of the blood vessel 110a and slower toward the edges. A first
magnetic particle 130q and a second magnetic particle 140aq
are located in the middle of the lumen 112a of the blood
vessel 110a. A magnetic assembly 120aq (e.g., a device
including permanent magnets, magnetic shims, electromag-
nets, and/or other magnetic components) 1s disposed outside
of the blood vessel 110a (e.g., part of a device positioned
proximate to an external body surface proximate to the
blood vessel 110a) and 1s configured to exert a magnetic
force on the first 130q and second 140a magnetic particles.
The first 130aq and second 140a magnetic particles have
one or more properties (€.g., a characteristic size, a magnetic
moment, a cross-sectional area, a drag coelflicient, a state of
binding and/or aggregation with one or more other particles
or elements) that are diflerent such that the magnetic assem-
bly 120a exerting magnetic forces on the first magnetic
particle 130q and the second magnetic particle 140a causes
the first magnetic particle 130a to be collected near the wall
of the blood vessel 110a proximate to the magnetic assembly
120a (llustrated by the first path 1354 of the first magnetic
particle 130a). The second magnetic particle 140a flows
away Irom the magnetic assembly 120a and out of the
illustration portion of the blood vessel 110a (illustrated by
the second path 14354 of the second magnetic particle 140a).
The magnetic force exerted by the magnetic assembly
120a on the first 130a and second 140a magnetic particles
includes a force toward the wall of the blood vessel 110q to
attract and/or collect the first magnetic particle 130a. The
magnetic force could additionally include a force parallel to
the direction of the flow of blood 1n the blood vessel 1104,
¢.g., to slow the velocity of the first magnetic particle 130q
such that the first magnetic particle 130a could be collected.
In some examples, the magnetic or other differences 1n
properties between {irst and second sets ol magnetic par-
ticles could be related to the environment of the first and
second magnetic particles. For example, the first magnetic
particles could be aggregate particles consisting ol multiple
instances ol second magnetic particles and/or other elements
(e.g., multiple mnstances of the second magnetic particles
bound to a cell or other analyte). For example, blood within
the portion of subsurface vasculature containing the mag-
netic particles could exhibit a tflow profile, and the first
magnetic particles could be located 1n a low-flow region of
the flow profile and the second magnetic particles could be
located 1n a high-flow region of the flow profile such that the
magnetic forces exerted by the magnetic assembly cause
separation of the first and second magnetic particles. Thus,
the separation could involve collection of the first magnetic
particles 1 the portion of subsurface vasculature, while the
second magnetic particles flow away from the portion of
subsurface vasculature.
FIG. 1B 1llustrates a lumen 1125 of a blood vessel (1.e., a
portion of subsurface vasculature) 11056. Blood 1n the lumen
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vessel 11056 has a tflow profile 1155 related to location within
the blood vessel 11054; 1.e., blood flows faster in the middle
of the blood vessel 1106 and slower toward the edges. A first
magnetic particle 1305 and a second magnetic particle 1405
are located at different locations 1n the lumen 11256 of the
blood vessel 1106 (1.e., the second magnetic particle 1405 1s
in a high-flow region in the middle of the lumen 1125 of the
blood vessel 1106 and the first magnetic particle 1305 1s 1n
a lower-flow region at the edge of the lumen 1125 of the
blood vessel 1105). A magnetic assembly 1206 (e.g., a
device mcluding permanent magnets, magnetic shims, elec-
tromagnets, and/or other magnetic components) 1s disposed
outside of the blood vessel 1106 (e.g., part of a device
positioned proximate to an external body surface proximate
to the blood vessel 1105) and 1s configured to exert a
magnetic force on the first 1305 and second 1406 magnetic
particles.

The first 1305 and second 14056 magnetic particles have
one or more properties (€.g., a characteristic size, a magnetic
moment, a cross-sectional area, a drag coeflicient, a state of
binding and/or aggregation with one or more other particles
or elements) that are substantially the same. Conversely, one
or more properties of the respective environments of the first
1306 and second 1405 magnetic particles (e.g., a magnetic
field mtensity, a magnetic field gradient intensity, a magnetic
field gradient direction, a tluid flow rate, a fluid viscosity, a
fluid turbulence) are different such that the magnetic assem-
bly 1206 exerting magnetic forces on the first magnetic
particle 1305 and the second magnetic particle 14056 causes
the first magnetic particle 1305 to be collected near the wall
of the blood vessel 1106 proximate to the magnetic assembly
12056 (allustrated by the first path 13556 of the first magnetic
particle 1306). The second magnetic particle 14056 flows
away Irom the magnetic assembly 1206 and out of the
illustrated portion of the blood vessel 1106 (illustrated by the
second path 1456 of the second magnetic particle 1405).

The magnetic force exerted by the magnetic assembly
12056 on the first 1305 and second 1405 magnetic particles
includes a force toward the wall of the blood vessel 1105 to
attract and/or collect the first magnetic particle 13056. The
magnetic force could additionally include a force parallel to
the direction of the flow of blood 1n the blood vessel 1105,
¢.g., to slow the velocity of the first magnetic particle 13056
such that the first magnetic particle 130B could be collected.

In some examples, a magnetic assembly or other magnetic
device could include multiple separation and/or collection
stages to implement more complicated separation and/or to
separate, collect, and/or otherwise magnetically manipulate
more than two sets of magnetic particles. FIG. 1C illustrates
a lumen 112¢ of a blood vessel (1.e., a portion of subsurface
vasculature) 110c. Blood 1n the lumen 112¢ 1s flowing, and
the tflow of the blood within the blood vessel 110¢ has a flow
profile 115¢ related to location within the blood vessel 110c¢;
1.e., blood flows faster in the middle of the blood vessel 110c¢
and slower toward the edges. A first magnetic particle 130c,
a second magnetic particle 140c, and a third magnetic
particle 150c¢ are located in the middle of the lumen 112¢ of
the blood vessel 110¢c. A magnetic device including a first
magnetic assembly 120¢ (e.g., a device including permanent
magnets, magnetic shims, electromagnets, and/or other mag-
netic components) and a second magnetic assembly 123¢ 1s
disposed outside of the blood vessel 110c¢ (e.g., part of a
device positioned proximate to an external body surface
proximate to the blood vessel 110¢) and 1s configured to
exert a magnetic force on the first 130¢, second 140¢, and
third 150¢ magnetic particles.
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The first 130c¢, second 140¢, and third 150¢ magnetic
particles have one or more properties (€.g., a characteristic
s1ze, a magnetic moment, a cross-sectional area, a drag
coellicient, a state of binding and/or aggregation with one or
more other particles or elements) that are diflerent such that
the first magnetic assembly 120¢ exerting magnetic forces
on the first 130¢, second 140c¢, and third 150c¢ magnetic
particles causes the first magnetic particle 130c¢ to be col-
lected near the wall of an upstream region (1.e., a region
more proximate to the first magnetic assembly 120c¢, up the
direction of flow of blood from a downstream region more
proximate to the second magnetic assembly 1235¢) of the
blood vessel 110¢ proximate to the first magnetic assembly
120c¢ (1llustrated by the first path 135¢ of the first magnetic
particle 130c¢). The second 140¢ and third 150¢ magnetic
particles flow away from the first magnetic assembly 120c¢
into the downstream region of the blood vessel 110c¢. The
second magnetic assembly 125¢ exerting magnetic forces on
the second 140c¢ and third 150¢ magnetic particles causes the
second magnetic particle 140¢ to be collected near the wall
of the downstream region (1.€., a region more proximate to
the second magnetic assembly 125¢, down the direction of
flow of blood from an upstream region more proximate to
the first magnetic assembly 120¢) of the blood vessel 110¢
proximate to the second magnetic assembly 1235¢ (illustrated
by the second path 145¢ of the second magnetic particle
140c¢). The third magnetic particle 150¢ tlows away from the
second magnetic assembly 125¢ and out of the illustrated
portion of the blood vessel 110c¢ (1llustrated by the third path
155¢ of the third magnetic particle 150c¢).

The magnetic forces exerted by the magnetic assemblies
120c, 125¢ on first 130c¢, second 140¢, and third 150c¢
magnetic particles includes a force toward the wall of the
blood vessel 110c¢ to attract and/or collect the first 130¢ and
second 140c¢ magnetic particles. The magnetic force could
additionally include a force parallel to the direction of the
flow of blood in the blood vessel 110c¢, e.g., to slow the
velocity of the first 130¢ and second 140¢ magnetic particles
such that the first 130¢ and second 140¢ magnetic particles
could be collected proximate to the first 120¢ and second
125¢ magnetic assemblies, respectively.

Note that additional or alternative magnetic assemblies
could be applied to separate, collect, and/or otherwise
mamipulate additional magnetic particles and/or sets of mag-
netic particles. Magnetic particles could be separated
according to one or more properties or combinations of
properties of the magnetic particles (e.g., a characteristic
s1ze, a magnetic moment, a cross-sectional area, a drag
coellicient, a state of binding and/or aggregation with one or
more other particles or elements) and/or one or more prop-
erties ol the environments of respective magnetic particles
(e.g., a magnetic field intensity, a magnetic field gradient
intensity, a magnetic field gradient direction, a fluid tlow
rate, a fluid viscosity, a fluid turbulence). In some examples,
a magnetic device and/or magnetic assembly could be
configured to separate a first set of magnetic particles having
a characteristic size within a specified range of sizes from a
second set of magnetic particles having characteristic sizes
that are not within the specified range of sizes. For example,
the first 130c, second 140c¢, and third 150¢ magnetic par-
ticles could have respective, decreasing characteristic sizes.
In this example, the second magnetic particle 140¢ of FIG.
1C could be part of a first set of magnetic particles, and the
first 130¢ and third 150¢ magnetic particles could be from a
second set of magnetic particles, such that the magnetic
device that includes the first 120¢ and second 125¢ magnetic
assemblies could be described as separating first magnetic
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particles (1.e., the second magnetic particle 140¢) having a
characteristic size within a specified range of characteristic
s1zes from second magnetic particles (i.e., the first 130¢ and
third 150¢ magnetic particles) having characteristic sizes
outside the specified range. Other properties, ranges of
properties, combinations of properties, or other specilying
features of magnetic particles could be used to separate
magnetic particles using magnetic devices having a variety
ol configurations.

It 1s also anticipated that magnetic particles could be
separated 1n a continuous manner according to some con-
tinuously varying property or properties of the magnetic
particles and/or the environment of the magnetic particles.
For example, a magnetic assembly could be configured to
separate and collect magnetic particles in blood such that
magnetic particles having the largest characteristic size are
collected 1n an upstream region, magnetic particles having
the smallest characteristic size are collected 1n an down-
stream region, and magnetic particles having an intermedi-
ate characteristic size are collected in a region between the
upstream and downstream regions that corresponds to the
intermediate characteristic size.

Note that FIGS. 1A-1C 1llustrate separation of magnetic
particles 1 the context of collecting one or more of the
magnetic particles. It 1s also anticipated that separation of
two or more magnetic particles and/or two or more sets of
magnetic particles could be eflected without collection of
one or more ol the magnetic particles. For example, a
magnetic assembly could exert a magnetic force on first and
second magnetic particles 1n a region of subsurface vascu-
lature such that the first magnetic particles remain in the
portion ol subsurface vasculature for a longer period of time
(e.g., by exerting a force to slow the first magnetic particles,
by exerting a force to displace the first magnetic particles
into a lower-flow region of the portion of subsurface vas-
culature). In an example, first magnetic particles could be
displaced into a first region of a portion of subsuriace
vasculature (e.g., a medial location, a proximal location) and
second magnetic particles could be displaced into a second
region of a portion of subsurface vasculature (e.g., a lateral
location, a distal location). Other types of separation of first
and second magnetic particles that do not mnvolve collection
ol magnetic particles are anticipated.

Other mampulations and/or magnetic forces could be
applied to magnetic particles 1 an environment than those
described above. The mampulations and/or magnetic forces
could be related to properties of the magnetic particles (e.g.,
s1ze, magnetic dipole moment, drag coeflicient, cross-sec-
tional area, degree of aggregation with other magnetic
particles, whether the magnetic particles 1s bound to an
analyte), properties of the environment contaiming the mag-
netic particles (e.g., a viscosity, a pH, a degree of polarity of
a solvent, a tlow rate, a flow profile, a degree of turbulence),
or other factors.

Magnetic assemblies, devices contamning magnetic
assemblies, magnetic particles, and other aspects and
embodiments described herein could be configured and/or
operated to provide a variety of applications. In some
examples, magnetic particles could be configured to bind to
an analyte of interest, and a magnetic assembly could be
configured to collect or otherwise manipulate the magnetic
particles to enable the detection, extraction, modification, or
other manipulation of the analyte. For example, a detector
could be disposed proximate to a magnetic assembly that 1s
configured to collect the magnetic particles, and the detector
could detect one or more properties of the analyte bound to
the magnetic particles (e.g., by detecting an optical property

5

10

15

20

25

30

35

40

45

50

55

60

65

14

of the analyte and/or magnetic particles (e.g., fluorescent
detection of a fluorophore), by detecting a magnetic property
of the magnetic particles). Additionally or alternatively, an
energy emitter could be disposed proximate to the magnetic
assembly, and the energy emitter could emit energy toward
the collected magnetic particles suflicient to alter one or
more properties ol the analyte (e.g., to destroy, denature,
heat, change a conformation state of, other otherwise modify
the analyte). In some examples, collection of an analyte
bound to magnetic particles by a magnetic assembly could
enable the extraction of the analyte and magnetic particles
(e.g., using a hypodermic needle).

The terms “binding”, “bound”, and related terms used
herein are to be understood 1n their broadest sense to include
any 1nteraction between the receptor and the target or
another functionalized particle such that the interaction
allows the target to be modified or destroyed by energy
emitted from a wearable device.

III. Example Wearable Magnetic Assemblies

In some applications, 1t can be desirable to produce
magnetic fields having high magmtude, high magnitude of
field gradient, a specified field profile, or other properties
using a small device and using minimal power. For example,
a wearable device, powered by a battery disposed in the
device, could be configured to separate magnetic particles 1n
the body of a wearer of a device. Such magnetic fields could
be produced by magnetic assemblies that include permanent
magnets, electromagnets, paramagnetic materials, flux-fo-
cusing and/or shielding shims or poles, or other elements.

A class of such magnetic assemblies includes unpowered
clements, ¢.g., permanent magnets and other magnetic mate-
rials capable of generating a magnetic field having a desired
profile, magnitude, or other property while requiring sig-
nificantly no applied power. Such magnetic assemblies
could include one or more permanent magnets, with each
permanent magnet of the one or more permanent magnets
having a respective magnetic moment that 1s oriented rela-
tive to an environment of interest (e.g., a portion of subsur-
face vasculature of a wearer of a device that includes the one
or more permanent magnets) to enable some application
(e.g., the exertion of a magnetic force to enable collection,
separation, or some other manipulation of one or more
magnetic particles 1n the portion of subsurface vasculature).
Magnetic assemblies could additionally or alternatively
include magnetic shims or poles (e.g., materials having high
magnetic permeability or some other specified magnetic
property) configured to focus magnetic flux toward a speci-
fied region of an environment and/or shield a specified
region ol an environment from magnetic flux.

Additionally or alternatively, magnetic flux could be
produced by electromagnets or other powered elements. In
embodiments described herein, a particular permanent mag-
net may be replaced with an electromagnet such that, when
a specified current 1s applied to the electromagnet, the
clectromagnet could produce a pattern of magnetic flux
substantially the same as a pattern of magnetic tlux produced
by the particular permanent magnet. In some examples the
configuration of one or more magnetic elements (e.g., per-
manent magnets, magnetic shims, electromagnets) could be
controlled by one or more actuators. For example, a perma-
nent magnet could be mounted to an armature or other
mechanism that 1s driven by an actuator (e.g., a servo) such
that the actuator could be operated to rotate the permanent
magnet and thus to rotate the direction of the magnetic
moment ol the magnet.

FIG. 2A illustrates a schematic diagram of an example
magnetic assembly 200a comprising a plurality of perma-
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nent magnets 210a, 212a, 214a, 216a, 218a having respec-
tive magnetic moments (arrows). The magnetic assembly
200a 1s positioned proximate to a portion of subsurface
vasculature 207a within a body of a human 203a. The
magnetic assembly 200a could be part of a wearable device
and the wearable device could further include a mount
configured to mount the wearable device to an external body
surface of the body of the human 20354 proximate to the
portion of subsurface vasculature 207a. The permanent
magnets 210a, 212a, 214a, 216a, 218a of the magnetic
assembly 200q can be configured to exert a magnetic force
on magnetic particles (e.g., to separate first and second
magnetic particles) 1n the portion of subsurface vasculature
207a.

Permanent magnets of a magnetic assembly could have
magnetic moments oriented in substantially the same direc-
tion (as 1llustrated 1n the example of FIG. 2A) or could have
a number of orientations relative to each other and/or to an
environment of interest. In some examples, the orientations
of the magnetic moments could be specified to increase one
or more properties ol a generated magnetic field (e.g., a field
magnitude, a magnitude of a field gradient) 1n a first region
and/or to reduce one or more properties of the generated
magnetic field 1n a second region. For example, the magnetic
moments of three or more magnets 1n a magnetic assembly
could be arranged as a Halbach array to increase the mag-
nitude of the magnetic field on one side of the magnetic
assembly and to decrease the magnitude of the magnetic
field on an opposite side of the magnetic assembly.

FIG. 2B illustrates a schematic diagram of an example
magnetic assembly 2006 comprising a plurality of perma-
nent magnets 21056, 2125, 2145, 2165, 2186 having respec-
tive magnetic moments (arrows) oriented such that the
magnetic assembly forms a Halbach array. The magnetic
assembly 2005 1s positioned proximate to a portion of
subsurface vasculature 2075 within a body of a human 2035.
The magnetic assembly 2005 could be part of a wearable
device and the wearable device could further include a
mount configured to mount the wearable device to an
external body surface of the body of the human 2055b
proximate to the portion of subsurface vasculature 2075. The
permanent magnets 21056, 21256, 214H, 2165, 218b of the
magnetic assembly 2005 can be configured to exert a
magnetic force on magnetic particles (e.g., to separate first
and second magnetic particles) 1n the portion of subsurface
vasculature 207b. The permanent magnets 2105, 2125,
214b, 2165H, 218b being arranged as a Halbach array com-
prises the orientation of the magnetic moment of an 1ndi-
vidual permanent magnet being substantially perpendicular
to (1.e., rotated approximated ninety degrees relative to) the
magnetic moments of permanent magnets 1n the array adja-
cent to the mdividual permanent magnet and substantially
antiparallel to (1.e., rotated approximated 180 degrees rela-
tive to) permanent magnets in the array that are adjacent to
the permanent magnets that are adjacent to the individual
permanent magnet. Other arrangements of the magnetic
moments of permanent magnets (or other flux-producing
clements, e.g., electromagnets) of a magnetic array relative
to the permanent magnets of the magnetic assembly and/or
an environment of interest proximate to the magnetic assem-
bly are anticipated.

In some examples, the magnetic assembly could wholly
or partially enclose an environment (e.g., an aspect of a body
of a wearer, e.g., a wrist). That 1s, a magnetic assembly
and/or a wearable or other device including a magnetic
assembly could have a concave surface configured to at least
partially enclose a corresponding convex surface of an
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environment of interest (e.g., the magnetic assembly could
have a concave surface configured to at least partially
enclose a convex shape of an external body surface of a
human or other wearer of the magnetic assembly). Further,
one or more of a plurality of permanent magnets (or other
flux-producing elements) of the magnetic assembly could be

disposed on the concave surface of the magnetic assembly.

FIGS. 2C and 2D illustrate schematic diagrams of
example magnetic assemblies 200c, 2004 comprising
respective pluralities of permanent magnets having respec-
tive magnetic moments (arrows) oriented such that the
magnetic assemblies 200¢, 2004 form respective configura-
tions of Halbach arrays. The magnetic assemblies 200c,
200d are positioned proximate to respective portions of
subsurface vasculature 207¢, 2074 within respective bodies
ol respective humans 205¢, 2054. The magnetic assemblies
200¢ could be part of respective wearable devices and the
wearable devices could further include mounts configured to
mount the wearable devices to respective external body
surfaces of the bodies of the respective humans 2035¢, 2054
proximate to the respective portions of subsurface vascula-
ture 207¢c, 207d. The permanent magnets of the magnetic
assemblies 200¢, 2004 can be configured to exert magnetic
forces on magnetic particles (e.g., to separate first and
second magnetic particles) in respective portions of subsur-
face vasculature 207¢, 2074.

Magnetic assemblies can include magnetic poles (also
called magnetic shims) configured to focus, block, or oth-
erwise modily a pattern of magnetic flux and/or a magnetic
field profile generated by one or more permanent magnets.
The magnetic poles can have a variety of specified geom-
etries and be composed of a variety of materials according
to a variety of applications. The magnetic poles could be
composed of materials having a specified magnetic property
(e.g., permeability, reluctance, susceptibility, coercivity,
remanence, saturation level). For example, the magnetic
poles could be composed of one or more materials having a
high magnetic permeability, e.g., mu-metal, 1ron, steel, met-
glas, Permalloy, ferrite, or other materials.

FIG. 3A illustrates a schematic diagram of an example
magnetic assembly 300a comprising a permanent magnet
310a¢ having a magnetic moment (arrow) and a magnetic
pole 320a comprising a high-permeability material. The
magnetic assembly 300q 1s positioned proximate to a portion
of subsurface vasculature 307a within a body of a human
305a. The magnetic pole 320a comprises a layer of the
high-permeability material disposed on a side of the mag-
netic assembly 300a opposite the human body 305a. The
magnetic assembly 300a could be part of a wearable device
and the wearable device could further include a mount
configured to mount the wearable device to an external body
surface of the body of the human 3035a proximate to the
portion of subsurface vasculature 307a. The permanent
magnet 310a and pole 320a of the magnetic assembly 300a
can be configured to exert a magnetic force on magnetic
particles (e.g., to separate first and second magnetic par-
ticles) 1n the portion of subsurface vasculature 307a. Further,
the magnetic pole 320a could act to increase a property (e.g.,
a magnitude, a gradient magnitude) of the magnetic field
produced by the magnetic assembly 300a in the portion of
subsurface vasculature 307a and/or to decrease a property
(e.g., a magmtude, a gradient magnitude) of the magnetic
field produced by the magnetic assembly 300aq 1n a region
away from the body of the human 305q (i.e., to ‘shield’ the
region below the magnetic assembly 300a from the mag-
netic field produced by the permanent magnet 310a).
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FIG. 3B illustrates a schematic diagram of an example
magnetic assembly 3006 comprising a plurality of perma-
nent magnets 31056, 3125, 3145 having respective magnetic
moments (arrows) oriented such that the magnetic assembly
tforms a Halbach array. The magnetic assembly 30056 addi-
tionally 1includes a magnetic pole 320a comprising a high-
permeability material. The magnetic assembly 30056 15 posi-
tioned proximate to a portion of subsurface vasculature 3075
within a body of a human 3055. The magnetic pole 3205
comprises a layer of the high-permeability material disposed
on a side of the magnetic assembly 3005 opposite the human
body 3055. The magnetic assembly 3005 could be part of a
wearable device and the wearable device could further
include a mount configured to mount the wearable device to
an external body surface of the body of the human 3055
proximate to the portion of subsurface vasculature 3075. The
permanent magnets 3105, 3125, 3145 of the magnetic
assembly 3005 can be configured to exert a magnetic force
on magnetic particles (e.g., to separate first and second
magnetic particles) 1n the portion of subsurface vasculature
307b. The permanent magnets 3105, 3125, 314H being
arranged as a Halbach array comprises the orientation of the
magnetic moment of an mdividual permanent magnet being,
substantially perpendicular to (1.e., rotated approximated
ninety degrees relative to) the magnetic moments of perma-
nent magnets in the array adjacent to the individual perma-
nent magnet and substantially antiparallel to (i.e., rotated
approximated 180 degrees relative to) permanent magnets 1n
the array that are adjacent to the permanent magnets that are
adjacent to the individual permanent magnet. Other arrange-
ments of the magnetic moments of permanent magnets of a
magnetic array relative to the permanent magnets of the
magnetic assembly and/or an environment of iterest proxi-
mate to the magnetic assembly are anticipated. Further, the
magnetic pole 32056 could act to increase a property (e.g., a
magnitude, a gradient magnitude) of the magnetic field
produced by the magnetic assembly 3006 in the portion of
subsurface vasculature 3075 and/or to decrease a property
(c.g., a magnitude, a gradient magnitude) of the magnetic
field produced by the magnetic assembly 3005 1n a region
away from the body of the human 30556 (1.e., to ‘shield’ the
region below the magnetic assembly 3005 from the mag-
netic field produced by the permanent magnets 31056, 3125,
314b).

In some examples, the magnetic poles and/or permanent
magnets ol the magnetic assembly could wholly enclose an
environment (€.g., a wrist or other body portion of a wearer).
FIG. 3C illustrates a schematic diagram of an example
magnetic assembly 300c comprising a plurality of perma-
nent magnets (310c, 312¢) having respective magnetic
moments (arrows). The magnetic assembly 300c¢ 1s posi-
tioned proximate to a portion of subsurface vasculature 307 ¢
within the body of a human 305¢. The magnetic assembly
300¢ could be part of a wearable device and the wearable
device could further include a mount configured to mount
the wearable device to an external body surface of the body
of the human 305¢ proximate to the portion of subsurface
vasculature 307c¢. The magnetic assembly 300c wholly
encloses a portion of the body of the human 307¢ with a
magnetic pole 320¢ configured to transmit magnetic flux
between the permanent magnets 310c, 312¢ to increase a
property (e.g., a magnitude, a gradient magnitude) of the
magnetic field produced by the magnetic assembly 300¢ in
the portion of subsurface vasculature 307¢ and/or to
decrease a property (e.g., a magnitude, a gradient magni-
tude) of the magnetic field produced by the magnetic assem-
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bly 300c¢ outside of the enclosing magnetic pole 320c¢ (1.¢.,
to ‘shield’ the region outside of the enclosing magnetic pole
320c¢).

In some examples, the magnetic poles and/or permanent
magnets of the magnetic assembly could partially enclose an
environment (e.g., a wrist or other body portion of a wearer).
FIG. 3D 1illustrates a schematic diagram of an example

magnetic assembly 3004 comprising a plurality of perma-
nent magnets (3104, 3124, 314d, 3164, 318d) having respec-

tive magnetic moments (arrows). The magnetic assembly
3004 1s positioned proximate to a portion of subsuriace
vasculature 3074 within a body of a human 3035d. The
magnetic assembly 3004 could be part of a wearable device
and the wearable device could further include a mount
configured to mount the wearable device to an external body
surface of the body of the human 3054 proximate to the
portion of subsurface vasculature 307d4. The magnetic
assembly 3004 partially encloses a portion of the body of the
human 3074 with a magnetic pole 3204 that 1s configured to
increase a property (e.g., a magnitude, a gradient magnitude)
of the magnetic field produced by the magnetic assembly
3004 1n the portion of subsurface vasculature 3074 and/or to
decrease a property (e.g., a magnitude, a gradient magni-
tude) of the magnetic field produced by the magnetic assem-
bly 3004 1n a region away from the body of the human 30354
(1.e., to ‘shield’ the region below the magnetic assembly
4004 from the magnetic field produced by the permanent
magnets 3104, 3124, 3144, 3164, 318d).

FIG. 3E illustrates a schematic diagram of an example
magnetic assembly 300e comprising a plurality of perma-
nent magnets 310e, 312¢, 314¢ having respective magnetic
moments (arrows) oriented such that the magnetic assembly
forms a Halbach array, and such that a middle permanent
magnet 312¢ has a magnetic moment oriented toward a
portion of subsurface vasculature 307¢ within a body of a
human 305e¢. The magnetic assembly 300e additionally
includes a magnetic pole 320¢ comprising a high-perme-
ability material. The magnetic assembly 300e 1s positioned
proximate to the portion of subsurface vasculature 307¢
within the body of the human 3035e. The magnetic pole 320¢
comprises a layer of the high-permeability material disposed
on at least three sides of the magnetic assembly 300e¢:
opposite the human body 305¢, opposite the left permanent
magnet 310e from the middle permanent magnet 312¢, and
opposite the right permanent magnet 314e from the middle
permanent magnet 312e. The magnetic assembly 300e could
be part of a wearable device and the wearable device could
further include a mount configured to mount the wearable
device to an external body surface of the body of the human
305¢ proximate to the portion of subsurface vasculature
307e. The permanent magnets 310e, 312¢, 314e of the
magnetic assembly 300e can be configured to exert a mag-
netic force on magnetic particles (e.g., to separate first and
second magnetic particles) in the portion of subsurface
vasculature 307¢. The permanent magnets 310e, 312¢, 314e
being arranged as a Halbach array comprises the orientation
of the magnetic moment of an individual permanent magnet
being substantially perpendicular to (1.e., rotated approxi-
mated ninety degrees relative to) the magnetic moments of
permanent magnets in the array adjacent to the individual
permanent magnet and substantially antiparallel to (.e.,
rotated approximated 180 degrees relative to) permanent
magnets 1 the array that are adjacent to the permanent
magnets that are adjacent to the individual permanent mag-
net. Other arrangements of the magnetic moments of per-
manent magnets of a magnetic array relative to the perma-
nent magnets of the magnetic assembly and/or an
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environment of interest proximate to the magnetic assembly
are anticipated. Further, the magnetic pole 320e could act to
increase a property (e.g., a magnitude, a gradient magnitude)
of the magnetic field produced by the magnetic assembly
300e¢ 1n the portion of subsurface vasculature 307e and/or to
decrease a property (e.g., a magnitude, a gradient magni-
tude) of the magnetic field produced by the magnetic assem-
bly 300¢ 1n a region away from the body of the human 305¢
(1.e., to ‘shield’ the region below and/or to the sides of the
magnetic assembly 300e from the magnetic field produced
by the permanent magnets 310e, 312¢, 314e).

In some embodiments, the magnetic assembly could have
a narrowing geometry configured to concentrate a magnetic
flux and/or to cause a magnetic field produced by the
magnetic assembly to have a specified profile (1.e., a speci-
fied pattern of field magnitude, field direction, field gradient
magnitude, field gradient direction) 1n one or more regions
relative to the magnetic assembly. That 1s, an amount of flux
and/or a magnitude of the magnetic field proximate to a
narrow region of the narrowing geometry of the magnetic
assembly (e.g., the ‘top” peak of a truncated cone) could be
greater than 1f the geometry did not narrow (e.g., the
geometry was a cylinder, rather than a truncated cone). The
narrowing geometry could include a magnetic pole and/or
one or more permanent magnets. The narrowing geometry
could be trapezoidal, conical, pyramidal, triangular, or some
other narrowing geometry.

FIG. 4A illustrates a schematic diagram of an example
magnetic assembly 400a comprising a magnetic flux source
410 and two magnetic poles 420a, 422a comprising a
high-permeability material. The magnetic assembly 400a 1s
positioned proximate to a portion of subsurface vasculature
407a within a body of a human 4054. The magnetic flux
source 410a 1ncludes at least one permanent magnet, elec-
tromagnet or other magnetic flux-producing element. The
magnetic flux source 410a can additionally include magnetic
poles, air gaps, sensors, mechanically actuated elements
(c.g., permanent magnets or other elements mounted to
gears, gimbals, servos, or other actuators), or other compo-
nents. In some examples, the magnetic flux source 510a
could include a single permanent magnet having a magnetic
moment oriented toward the portion of subsurface vascula-
ture 407a. In some examples, the magnetic flux source 410a
could include a plurality of permanent magnets having
respective magnetic moments oriented to form a Halbach
array. A first magnetic pole 420a comprises a layer of the
high-permeability material disposed on a side of the mag-
netic assembly 400a opposite the human body 4035a. A
second (1.e., focusing) magnetic pole 422a comprises the
high-permeability material disposed on a side of the mag-
netic assembly 400a toward the human body 405a. The
second magnetic pole 422a could have one of a variety of
narrowing geometries such that a first cross-sectional area of
the second magnetic pole 422a proximate to the magnetic
flux source 410aq 1s greater than a second cross-sectional area
of the second magnetic pole 422q farther from the magnetic
flux source 410a (1.e., proximate to the human body 405q).

The magnetic assembly 400a could be part of a wearable
device and the wearable device could further include a
mount configured to mount the wearable device to an
external body surface of the body of the human 405q
proximate to the portion of subsurface vasculature 407a. The
magnetic flux source 410a and magnetic poles 420a, 422a of
the magnetic assembly 400a can be configured to exert a
magnetic force on magnetic particles (e.g., to separate first
and second magnetic particles) 1n the portion of subsurface
vasculature 407q. Further, the magnetic poles 420a, 4224
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could act to increase a property (e.g., a magnitude, a gradient
magnitude) of the magnetic field produced by the magnetic
assembly 400q 1n the portion of subsurface vasculature 407a
(e.g., proximate to a narrow end of the second magnetic pole
422a) and/or to decrease a property (e.g., a magnitude, a
gradient magmtude) of the magnetic field produced by the
magnetic assembly 400q 1n a region away from the body of
the human 405a (1.e., to ‘shield’ the region below the
magnetic assembly 400aq from the magnetic field produced
by the magnetic flux source 410a).

The second magnetic pole 422a could have a narrowing,
geometry chosen from a variety of narrowing geometries.
The second magnetic pole 422a could be conical, pyramidal
(e.g., a tnangular pyramid, a square pyramid, a pyramid
having some arbitrary polygonal base), a triangular prism, a
partial ellipsoidal prism, a partial ellipsoid, or have some
other narrowing or tapering geometry. The second magnetic
pole 422a could have a truncated narrowing geometry (e.g.,
a truncated cone, a truncated pyramid, a trapezoidal prism).
The second magnetic pole 422a could have a narrowing
cross-sectional shape 1n a plane substantially perpendicular
an external body surface of the human 4054 proximate to
which the magnetic assembly 400a i1s positioned. For
example, the second magnetic pole 422a could have a
triangular cross-section, a trapezoidal cross-section, a partial
elliptical cross-section, or some other narrowing shape
cross-section.

Elements (e.g., 410a, 4204, 422a) of the magnetic assem-
bly 400a could have specified properties (e.g., sizes, thick-
nesses, widths, lengths, compositions, shapes) chosen so as
to optimize certain propertiecs of the magnetic assembly
(e.g., a magnetic field magnitude, a magnetic field gradient
magnitude) given one or more constraints on the magnetic
assembly (e.g., a maximum volume, a maximum mass, a
specified permanent magnet geometry). In some examples,
the geometry of the second (focusing) magnetic pole 422a
could be specified to maximize the magnetic field magnitude
and the magnetic field gradient magnitude proximate to the
second magnetic pole 422q for a given small size of mag-
netic flux source 410q (e.g., a small permanent (e.g., Nd52)
magnet). For example, the second magnetic pole 422a could
have a length of 5 millimeters, a width of 5 millimeters, a
thickness of 2 millimeters, and could have a truncated
pyramid geometry wherein the flat top of the truncated
pyramid had a width of 1 millimeter. In some examples, the
second magnetic pole 422a could have a size and/or geom-
etry relative to other elements of the magnetic assembly
400a such that the second magnetic pole 422a 1s magneti-
cally saturated. Other geometries and dimensions of ele-
ments of a magnetic assembly are anticipated.

Additionally or alternatively, one or more permanent
magnets of a magnetic assembly could have a narrowing
geometry. FIG. 4B illustrates a schematic diagram of an
example magnetic assembly 4005 comprising a plurality of
permanent magnets 4105, 4125, 4145 having respective
magnetic moments (arrows) that have, together, a narrowing
geometry and whose magnetic moments are oriented such
that the magnetic assembly forms a Halbach array. The
magnetic assembly 4005 additionally includes a magnetic
pole 420a comprising a high-permeability material. The
magnetic assembly 4005 1s positioned proximate to a portion
of subsurface vasculature 4075 within a body of a human
405b. The magnetic pole 4200 comprises a layer of the
high-permeability material disposed on a side of the mag-
netic assembly 4005 opposite the human body 4055. The
permanent magnets 4105, 4125, 4145 could have one of a
variety of narrowing geometries such that a cross-sectional
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shape of the permanent magnets 4105, 4125, 4145 1n a plane
substantially perpendicular to an external body surface of
the body of the human 4055 proximate to the portion of
subsurface vasculature 4075 was narrower proximate to the
external body surface.

The magnetic assembly 40056 could be part of a wearable
device and the wearable device could further include a
mount configured to mount the wearable device to an
external body surface of the body of the human 4055
proximate to the portion of subsurface vasculature 4075. The
permanent magnets 4105, 4125, 414b of the magnetic
assembly 4005 can be configured to exert a magnetic force
on magnetic particles (e.g., to separate first and second
magnetic particles) 1n the portion of subsurface vasculature
407b. The permanent magnets 4105, 4125, 4145 being
arranged as a Halbach array comprises the orientation of the
magnetic moment of an mdividual permanent magnet being
substantially perpendicular to (1.e., rotated approximated
ninety degrees relative to) the magnetic moments of perma-
nent magnets 1n the array adjacent to the individual perma-
nent magnet and substantially antiparallel to (1.e., rotated
approximated 180 degrees relative to) permanent magnets 1n
the array that are adjacent to the permanent magnets that are
adjacent to the individual permanent magnet. Other arrange-
ments of the magnetic moments of permanent magnets of a
magnetic array relative to the permanent magnets of the
magnetic assembly and/or an environment of interest proxi-
mate to the magnetic assembly are anticipated. Further, the
magnetic pole 4205 could act to increase a property (e.g., a
magnitude, a gradient magnitude) of the magnetic field
produced by the magnetic assembly 4006 in the portion of
subsurface vasculature 4075 and/or to decrease a property
(e.g., a magmitude, a gradient magnitude) of the magnetic
field produced by the magnetic assembly 4005 1n a region
away from the body of the human 4055 (i.e., to ‘shield’ the
region below the magnetic assembly 40056 from the mag-
netic field produced by the permanent magnets 4105, 4125,
414b).

The permanent magnets 41056, 4125, 4145 could have a
narrowing geometry chosen from a variety ol narrowing
geometries. The permanent magnets 4105, 4125, 4145 could
be conical, pyramidal (e.g., a tnangular pyramid, a square
pyramid, a pyramid having some arbitrary polygonal base),
a trniangular prism, a partial ellipsoidal prism, a partial
cllipsoid, or have some other narrowing or tapering geoms-
etry. The permanent magnets 4105, 4125, 4145 could have
a truncated narrowing geometry (e.g., a truncated cone, a
truncated pyramid, a trapezoidal prism). The permanent
magnets 4105, 4126, 414b could have a narrowing cross-
sectional shape in a plane substantially perpendicular an
external body surface of the human 4056 proximate to which
the magnetic assembly 4005 1s positioned. For example, the
permanent magnets 41056, 4125, 4145 could have a triangu-
lar cross-section, a trapezoidal cross-section, a partial ellip-
tical cross-section, or some other narrowing shape cross-
section.

FIG. 5§ illustrates a schematic diagram of an example
magnetic assembly 500 comprising a magnetic pole 520 and
a plurality of permanent magnets 510, 512, 514, 516 having
respective magnetic moments (arrows). The magnetic
assembly 500 1s positioned proximate to a portion of sub-
surface vasculature 507 within a body of a human 505. The
magnetic assembly 500 could be part of a wearable device
and the wearable device could further include a mount
configured to mount the wearable device to an external body
surface of the body of the human 505 proximate to the
portion of subsurface vasculature 507. The magnetic assem-
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bly 500 partially encloses a portion of the body of the human
507, that 1s, the permanent magnets 510, 512, 514, 516 are
disposed on a concave surface of the magnetic device 500
and the concave surface 1s configured to partially enclose a
convex surface (1.e., the external body surface) of the human
507. The magnetic pole 520 1s configured to increase a
property (e.g., a magnmitude, a gradient magnitude) of the
magnetic field produced by the magnetic assembly 500 in
the portion of subsurface vasculature 507 and/or to decrease
a property (e.g., a magnitude, a gradient magnitude) of the
magnetic field produced by the magnetic assembly 500 in a
region away from the body of the human 505 (1.¢., to ‘shield’
the region below the magnetic assembly 500 from the
magnetic field produced by the permanent magnets 510,
512, 514, 516). First 510 and third 514 permanent magnets
have magnetic moments pointing into respective proximate
regions of the external body surface of the human 505 and
third 512 and fourth 516 permanent magnets have magnetic
moments pointing away from respective proximate regions
of the external body surface of the human 505.

Magnetic assemblies, devices containing magnetic

assemblies, magnetic particles, and other aspects and
embodiments described heremn (e.g., 200a, 2005, 200c,

2004, 300a, 3005, 300c, 300d, 300e, 400a, 4005, 500) could
be configured and/or operated to provide a variety of appli-
cations. In some examples, magnetic particles could be
configured to bind to an analyte of interest, and a magnetic
assembly could be configured to collect or otherwise
mamipulate the magnetic particles to enable the detection,
extraction, modification, or other manipulation of the ana-
lyte. For example, the magnetic assembly could be config-
ured to produce a magnetic field 1n the portion of subsurface
vasculature such that first magnetic particles (1.e., aggregate

particles comprising imstances of an analyte and magnetic
particles bound thereto) experience a greater magnetic force
than second magnetic particles (1.e., unbound instances of
the magnetic particles) such that the first and second mag-
netic particles could be separated.

In some examples, the magnetic assembly could be con-
figured to exert a {first magnetic force on first magnetic
particles and to exert a second magnetic force on second
magnetic particles such that the difference between the first
and second magnetic forces 1s suilicient to cause separation
of the first and second magnetic particles. For example, the
first magnetic particles could have a first magnetic moment
and the second magnetlc particles could have a second
magnetic moment that 1s different from the first magnetic
moment. Additionally or alternatively, the magnetic force
exerted on the magnetic particles particles could be substan-
tially the same between diflerent set of magnetic particles
(e.g., between first and second magnetic particles), but some
other force (e.g., tluid drag) could be different between first
and second magnetic particles such that exerting the mag-
netic force causes separation of the first and second mag-
netic particles.

In some examples, the magnetic or other diflerences 1n
properties between first and second sets of magnetic par-
ticles could be intrinsic to individual instances of the first
and second magnetic particles. For example, the first mag-
netic particles could have a first magnetic moment, coetli-
cient of drag, cross-sectional area, or some other property,
and the second magnetic particles could have a second
magnetic moment, coeflicient of drag, cross-sectional area,
or some other property such that the first and second
magnetic particles can be separated by a magnetic assembly.

In some examples, the magnetic or other differences 1n
properties between first and second sets of magnetic par-
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ticles could be related to the environment of the first and
second magnetic particles. For example, the first magnetic
particles could be aggregate particles consisting of multiple
instances of second magnetic particles and/or other elements
(e.g., multiple nstances of the second magnetic particles
bound to a cell or other analyte). For example, blood within
the portion of subsurface vasculature containing the mag-
netic particles could exhibit a flow profile, and the first
magnetic particles could be located 1n a low-tlow region of
the tlow profile and the second magnetic particles could be
located 1n a high-tflow region of the flow profile such that the
magnetic forces exerted by the magnetic assembly cause
separation of the first and second magnetic particles (e.g.,
collection of the first magnetic particles in the portion of
subsurface vasculature, while the second magnetic particles
flow away from the portion of subsurface vasculature.

In some embodiments, a detector could be disposed
proximate to a magnetic assembly that 1s configured to
separate the magnetic particles, and the detector could detect
one or more properties of an analyte bound to some or all of
the magnetic particles (e.g., by detecting an optical property
of the analyte and/or magnetic particles (e.g., fluorescent
detection of a fluorophore), by detecting a magnetic property
of the magnetic particles). Additionally or alternatively, an
energy emitter could be disposed proximate to the magnetic
assembly, and the energy emitter could emit energy toward
the separated and/or collected magnetic particles suilicient
to alter one or more properties of the analyte (e.g., to destroy,
denature, heat, change a conformation state of, other other-
wise modily the analyte). In some examples, separation and
collection of an analyte bound to magnetic particles by a
magnetic assembly could enable the extraction of the analyte
and magnetic particles (e.g., using a hypodermic needle).

In some applications, separation or other manipulation of
magnetic particles could enable detection and/or modifica-
tion of an analyte. For example, the reaction (e.g., a differ-
ential and/or absolute motion) of a magnetic particle to a
magnetic field generated by a magnetic assembly (e.g.,
200a, 2005, 200c, 2004, 300a, 3005, 300c, 3004, 300e,
400a, 400b, 500) could be detected, and one or more
properties of the reaction could be used to determine one or
more properties of the magnetic particle. For example, the
degree of change in velocity of a magnetic particle, when
exposed to the magnetic field of the magnetic assembly,
could be related to whether the magnetic particle was bound
to an analyte. In some examples, the magnetic particles
could be configured to couple an oscillating electromagnetic
field into an increase in heat proximate to the magnetic
particle, and this increase 1n heat could be used to detect one
or more properties of the magnetic particle and/or to modity
the environment proximate to the particle (e.g., to denature
an analyte bound to the magnetic particle). Other configu-
rations, operations, and applications of the embodiments
described herein are anticipated.

IV. Illustrative Methods for Using a Magnetic Assembly
to Exert Forces on Magnetic Particles

FIG. 6 1s a flowchart of an example method 600 for
exerting a separating magnetic force on magnetic particles
using a wearable device. The method 600 1includes position-
ing the wearable device proximate to an external surface
proximate to a portion of subsurface vasculature containing,
first and second magnetic particles 610. This could include
operating a mount included 1n the wearable device that i1s
configured to enclose a portion of the body of the wearer
(e.g., awrist, an ankle, a chest) to secure the wearable device
at a specified location relative to the portion of subsurface
vasculature. In some examples, this could include position-
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ing the magnetic device relative to a visible or other land-
mark on or beneath the external body surface (e.g., a tattoo,
a visible artery or vein, bony protuberance, a joint, a birth
mark). In some examples, this could include manipulating
and/or changing the location of the wearable device relative
to some indication from the device, e.g., and indication from
the wearable device that the magnetic assembly was located
proximate to the portion of subsurface vasculature.

The method 600 additionally includes separating the first
and second magnetic particles 1n the portion of subsurface
vasculature by exerting magnetic forces from the device on
the first and second magnetic particles 620. This could
include exerting an attractive force on the magnetic particles
suilicient to collect the first and/or second magnetic particles
in the portion of subsurface vasculature. This could include
exerting a magnetic force having a direction substantially
parallel to a direction of blood flow in the portion of
subsurface vasculature. This could include exerting a mag-
netic force having a direction substantially toward a wall of
the portion of subsurface vasculature. Other examples of
exerting a magnetic force on magnetic particles using the
wearable device and applications thereof as described herein
and otherwise are anticipated.

The method 600 could include additional steps or ele-
ments. For example, the method 600 could include intro-
ducing the first and second magnetic particles into the
portion of subsurface vasculature (e.g., injecting, igesting,
transdermally transferring, or otherwise introducing the
engineered particles 1into a lumen of vasculature of a
human). In some examples, the magnetic particles could be
configured to bind to an analyte and to enable detection of
one or more properties of, modification of one or more
properties of, and/or some other interaction with the analyte.

In some examples, the method 600 could include detect-
ing one or more properties of an analyte to which the first
and/or second magnetic particles are configured to bind.
This could include operating a detector of the wearable
device to detect the one or more properties of the bound
analyte. In some examples, this could include exerting an
attractive magnetic force on the first and/or second magnetic
particles such that the first and/or second magnetic particles
and 1nstances of the analyte bound thereto are caused to
collect 1n a portion of subsurface vasculature proximate to
the magnetic assembly and/or the detector of the wearable
device. In some examples, this could include exerting a first
magnetic force on first magnetic particles that are bound to
the analyte and exerting a second magnetic force on second
magnetic particles that are not bound to the analyte such that
the first and second magnetic particles are separated such
that a detector of the wearable device substantially only
detects one or more properties of the first set of magnetic
particles. Other methods of detecting one or more properties
of an analyte using a magnetic assembly disposed 1n a
wearable device positioned proximate to a portion of sub-
surface vasculature are anticipated.

In some examples, the wearable device could include an
clectromagnet configured to exert the magnetic force on the
first and second magnetic particles. The method 600 could
further include operating the electromagnet to exert the
magnetic force. This could include applying a specified
current and/or voltage to one or more windings of the
clectromagnet. This could 1include applying a first specified
current and/or voltage to one or more windings of the
clectromagnet during a first period of time and a second
specified current and/or voltage to one or more windings of
the electromagnet during a first period of time. This could
include applying a current and/or voltage to one or more
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windings of the electromagnet according to a detected
property ol the wearable device, the portion of subsurtace
vasculature, the first and/or second magnetic particles, and/
or an analyte or other element 1n blood in the portion of
subsurface vasculature. For example, an amount of the first
magnetic particles in the portion of subsurface vasculature
could be detected, and a current applied to a winding of the
clectromagnet could be increased or decreased according to
the detected amount such that the amount of the first
magnetic particles 1n the portion of subsurface vasculature 1s
substantially equal to a specified amount.

In some examples, the method 600 could include extract-
ing the first magnetic particles from the portion of subsur-
face vasculature. For example, a hypodermic needle could
be inserted 1nto the portion of subsurface vasculature and a
plunger or other element of the hypodermic needle could be
operated to extract the blood containing the first magnetic
particles from the portion of subsurface vasculature. In
another example, the end of a catheter or some other
temporarily or semi-permanently placed tube could be dis-
posed 1n the portion of subsurface vasculature such that the
first magnetic particles could be extracted continuously, over
a period of time. The second magnetic particles and/or some
other magnetic particle or other components of the blood
could additionally or alternatively be extracted from the
portion of subsurface vasculature.

V. Example Wearable Devices

A wearable device 700 can measure a plurality of physi-
ological parameters of a person wearing the device, among
other functions. Some or all of the functions of the wearable
device 700 are enabled by separation of magnetic particles
in blood of the wearer of the device. Such separation can be
cllected by the exertion of magnetic forces on the magnetic

particles by a magnetic assembly (e.g., 120a, 12056, 120c,
200a, 20056, 200c, 2004, 300a, 3005, 300c, 3004, 300e,

400a, 4005, 500) disposed on or 1n the wearable device 700.
The term ““wearable device,” as used in this disclosure,
refers to any device that 1s capable of being worn at, on or
in proximity to a body surface, such as a wrist, ankle, waist,
chest, or other body part. In order to separate magnetic
particles and/or take 1n vivo measurements 1n a non-invasive
manner from outside of the body, the wearable device may
be positioned on a portion of the body where subsurtace
vasculature containing magnetic particles 1s easily aflectable
(c.g., by exertion of magnetic forces) and observable,
depending on the type of modification and detection systems
used. The device may be placed 1n close proximity to the
skin or tissue, but need not be touching or 1n intimate contact
therewith. A mount 710, such as a belt, wristband, ankle
band, etc. can be provided to position the device at, on or in
proximity to the body surface. The mount 710 may prevent
the wearable device 700 from moving relative to the body to
ensure ellective separation of magnetic particles and/or
detection of one or more physiological properties of the
wearer. In one example, shown 1 FIG. 7, the mount 710,
may take the form of a strap or band 720 that can be worn
around a part of the body. Further, the mount 710 may
include an adhesive material for adhering the wearable
device 700 to the body of a wearer.

A separation platform 730 1s disposed on the mount 710
such that i1t can be positioned on the body where subsurface
vasculature 1s easily aflected. An mner face 740 of the
modification platform 1s intended to be positioned facing to
the body surface. The separation platform 730 may house a
magnetic assembly 780. In such embodiments, the magnetic
assembly 780 could be configured to separate magnetic
particles 1n a portion of subsurface vasculature by exerting,
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magnetic forces on the magnetic particles. Separation of the
magnetic particles could take the form of one or more of the
varieties ol separation described herein (e.g., in combination
with FIGS. 1A-C). The magnetic assembly 780 could addi-
tionally act to collect magnetic particles in the portion of
subsurface vasculature. The magnetic assembly 780 could
include electromagnets, permanent magnets, magnetic
shims, or other magnetic material configured 1n a variety of
ways (e.g., configured similarly to magnetic assemblies

200a, 20056, 200c, 2004, 300a, 3005, 300c, 3004, 300e,
400a, 4005, 500).

In some examples, the wearable device 700 further
includes at least one detector 770 for detecting at least one
physiological parameter, which could include any param-
cters that may relate to the health of the person wearing the
wearable device. For example, the detector 770 could be
configured to measure blood pressure, pulse rate, respiration
rate, skin temperature, etc. At least one of the detectors 770
could be configured to non-invasively measure one or more
properties ol magnetic particles 1n blood and/or analytes
bound thereto circulating 1n subsurface vasculature proxi-
mate to the wearable device. In a non-exhaustive list,
detector 770 may include any one of an optical (e.g., CMOS,
CCD, photodiode), acoustic (e.g., piezoelectric, piezocer-
amic), electrochemical (voltage, impedance), thermal,
mechanical (e.g., pressure, strain), magnetic, or electromag-
netic (e.g., RF, magnetic resonance) sensor. Operation of the
detector 770 could be related to and/or contingent on sepa-
ration of magnetic particles by the magnetic assembly 780.

The wearable device 700 may also include a user interface
790 via which the wearer of the device may receive one or
more recommendations or alerts generated from a remote
server or other remote computing device, or from a proces-
sor within the device. The alerts could be any indication that
can be noticed by the person wearing the wearable device.
For example, the alert could include a visual component
(e.g., textual or graphical information on a display), an
auditory component (e.g., an alarm sound), and/or tactile
component (e.g., a vibration). Further, the user interface 790
may include a display 792 where a visual indication of the
alert or recommendation may be displayed. The display 792
may further be configured to provide an indication the
battery status of the device or the status of the modification
system or an indication of any measured physiological
parameters, for instance, the concentrations of certain blood
analytes being measured.

In one example, the wearable device 1s provided as a
wrist-mounted device, as shown 1n FIGS. 8A and 8B. The
wrist-mounted device may be mounted to the wrist of a
living subject with a wristband or cufl, similar to a watch or
bracelet. As shown in FIGS. 8 A and 8B, the wrist mounted
device 800 may include a mount 810 in the form of a
wristband 820, a separation platform 830 positioned on the
anterior side 840 of the wearer’s wrist, and a user interface
8350 positioned on the posterior side 860 of the wearer’s
wrist. The wearer of the device may receive, via the user
interface 850, one or more recommendations or alerts gen-
crated either from a remote server or other remote comput-
ing device, or alerts based on physiological properties of a
wearer detected by the wrist-mounted device 800. Such a
confliguration may be perceived as natural for the wearer of
the device 1n that 1t 1s common for the posterior side 860 of
the wrist to be observed, such as the act of checking a
wrist-watch. Accordingly, the wearer may easily view a
display 870 on the user interface. Further, the separation
plattorm 830 may be located on the anterior side 840 of the




US 9,788,763 Bl

27

wearer’s wrist where the subsurface vasculature may be
readily aflectable. However, other configurations are con-

templated.

The display 870 may be configured to display a visual
indication of the alert or recommendation and/or an i1ndica-
tion of the status of the wearable device and an indication of
measured physiological parameters, for instance, the con-
centrations of certain target blood analytes bound to sepa-
rated magnetic particles 1n the blood. Further, the user
interface 830 may include one or more buttons 880 for
accepting inputs from the wearer. For example, the buttons
880 may be configured to change the text or other informa-
tion visible on the display 870. As shown i FIG. 8B,
separation platform 830 may also include one or more
buttons 890 for accepting mputs from the wearer. The
buttons 890 may be configured to accept mputs for control-
ling aspects of the wrist-mounted device 800, such as inputs
indicating the wearer’s current health state (1.e., normal,
migraine, shortness of breath, heart attack, fever, “tlu-like”
symptoms, food poisoning, etc.).

CONCLUSION

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustra-
tion and are not intended to be limiting, with the true scope
being indicated by the following claims.

While various aspects and embodiments herein are
described in connection with exerting forces on magnetic
particles disposed 1n a portion of subsurface vasculature,
other applications and environments are possible. Aspects
and embodiments herein could be applied to exert forces on
magnetic particles i 1n vivo or in vitro human or animal
tissues, a fluid 1n a scientific, medical, or industrial testing,
process, or some other environment. Magnetic forces could
be exerted on magnetic particles disposed 1n a natural
environment, e.g., a lake, river, stream, marsh, or other
natural locale. Magnetic forces could be exerted on magnetic
particles disposed 1n a fluid environment of an industrial
process or other artificial environment, e.g., a water treat-
ment process, a food preparation process, a pharmaceutical
synthesis process, a chemical synthesis process, a brewing
and/or distilling process, or other artificial locale. Magnetic
forces could be exerted on magnetic particles disposed 1n an
environment that includes a flowing fluid (e.g., fluid tlowing
in a blood vessel, a pipe, a culvert) and/or a static tluid.
Other environments and applications of aspects and embodi-
ments described herein are anticipated.

Where example embodiments involve information related
to a person or a device of a person, some embodiments may
include privacy controls. Such privacy controls may include,
at least, anonymization of device identifiers, transparency
and user controls, including functionality that would enable
users to modily or delete information relating to the user’s
use of a product.

Further, 1in situations in where embodiments discussed
herein collect personal information about users, or may
make use of personal information, the users may be provided
with an opportunity to control whether programs or features
collect user imnformation (e.g., information about a user’s
medical history, social network, social actions or activities,
proiession, a user’s preferences, or a user’s current location),
or to control whether and/or how to receive content from the
content server that may be more relevant to the user. In
addition, certain data may be treated 1n one or more ways
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before 1t 1s stored or used, so that personally identifiable
information 1s removed. For example, a user’s identity may
be treated so that no personally 1dentifiable information can
be determined for the user, or a user’s geographic location
may be generalized where location information 1s obtained
(such as to a city, ZIP code, or state level), so that a particular

location of a user cannot be determined. Thus, the user may
have control over how information 1s collected about the

user and used by a content server.

What 1s claimed 1s:

1. A method, comprising:

positioning a device proximate to an external body sur-

face that 1s proximate to a portion of subsurface vas-
culature, wherein the portion of subsurface vasculature
contains first magnetic particles and second magnetic
particles, wherein the first and second magnetic par-
ticles selectively bind with one or more analytes of
interest;

separating the first and second magnetic particles in the

portion of subsurface vasculature, wherein separating
the first and second magnetic particles comprises exert-
ing magnetic forces on the first and second magnetic
particles, wherein the magnetic forces are exerted by
the device; and

detecting, using a detector, one or more properties of the

one or more analytes of interest based on one or more
properties of the separated first and/or second magnetic
particles and/or the one or more analytes bound thereto.

2. The method of claim 1, further comprising introducing
the first and second magnetic particles mto the portion of
subsurface vasculature.

3. The method of claim 1, wherein the device comprises
at least one electromagnet, wherein separating the first and
second magnetic particles 1 the portion of subsurface
vasculature comprises operating at least one electromagnet
of the device to exert the magnetic forces on the first and
second magnetic particles, respectively.

4. The method of claim 1, wherein the device comprises
at least one permanent magnet, wherein the magnetic forces
are caused by at least one permanent magnet of the device.

5. The method of claim 1, wherein the magnetic forces
include forces parallel to a direction of flow of blood 1n the
portion ol subsurface vasculature.

6. The method of claim 1, wherein the magnetic forces
include forces toward a wall of the portion of subsurface
vasculature.

7. The method of claim 1, further comprising:

extracting the first magnetic particles from the portion of

subsurface vasculature.

8. The method of claim 1, wherein separating the first and
second magnetic particles 1 the portion of subsurface
vasculature comprises collecting the first magnetic particles
in the portion of subsurface vasculature while allowing the
second magnetic particles to tflow away from the portion of
subsurface vasculature.

9. The method of claim 1, wherein separating the first and
second magnetic particles 1 the portion of subsurface
vasculature comprises:

collecting, in an upstream region of the portion of sub-

surface vasculature, the first magnetic particles while
allowing the second magnetic particles to flow away
from the upstream region to a downstream region of the
portion ol subsuriace vasculature; and

collecting, in the downstream region of the portion of

subsurface vasculature, the second magnetic particles.
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10. The method of claim 1, wherein the first magnetic
particles are bound to the one or more analytes of interest
and the second magnetic particles are not bound to the one
or more analytes of interest.

11. The method of claim 1, wherein the first magnetic
particles selectively interact with a first analyte of interest,
and wherein the second magnetic particles selectively inter-
act with a second analyte of interest.

12. The method of claim 1, wherein the first magnetic
particles have a first characteristic size, wherein the second
magnetic particles have a second characteristic size diflerent
than the first characteristic size, and wherein separating the
first and second magnetic particles in the portion of subsur-
face vasculature comprises collecting magnetic particles 1n
the subsurface vasculature having characteristic sizes within
a specified range of sizes, wherein the specified range of
sizes 1ncludes the first characteristic size and does not
include the second characteristic size.

13. An apparatus, comprising;

a magnetic field producer, wherein the magnetic field
producer comprises at least one permanent magnet
and/or at least one electromagnet that, when positioned
proximate to an external body surface that 1s proximate
to a portion of subsurface vasculature containing first
magnetic particles and second magnetic particles,
wherein the first and second magnetic particles selec-
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tively bind with one or more analytes of interest, the
magnetic field producer exerts magnetic forces on the
first and second magnetic particles suflicient to separate
the first and second magnetic particles 1n the portion of
subsurface vasculature; and

a detector, wherein the detector 1s configured to detect one
or more properties of the one or more analytes of
interest based on one or more properties of the sepa-
rated first and/or second magnetic particles and/or the
one or more analytes bound thereto.

14. The apparatus of claim 13, wherein the apparatus

further comprises:

a mount that can mount the apparatus to the external body

surface such that the magnetic field producer exerts the

magnetic forces on the first and second magnetic par-
ticles 1n the portion of subsurface vasculature.

15. The apparatus of claim 13, wherein the magnetic field
producer comprises at least one permanent magnet.

16. The apparatus of claim 13, wherein the magnetic
forces exerted by the magnetic field producer are sutlicient
to collect the first magnetic particles 1n a first region of the
portion ol subsurface vasculature while allowing the second
magnetic particles to flow away from the first region of the
portion ol subsurface vasculature.

% o e = x



	Front Page
	Drawings
	Specification
	Claims

